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A bstract
This work demonstrates the use o f pyrrole-terminated dendrimers (PTD)s for the
oxidation-state-dependant encapsulation and release o f various guest molecules.

In

order to achieve the goals of this research, a two-step approach was taken. The first
portion of this doctoral work involved synthesis of low-generation (small number of
peripheral groups) PTDs having a simple structure (DAB-Pyx, X=4,8,16) and studying
the intramolecular oligomerization of the terminal pyrrole groups by well-known
electrochemical methods. After the proof-of-concept study with low-generation PTDs,
the next step involving more complex, high-generation PTDs (DAB-(COCjPy)x, Y=3 or
5, X=32 or 64) was carried out. The larger, more complex PTDs were synthesized, and
intramolecularly oligomerized; these oligomeric PTDs were investigated for their
ability to effectively trap guest molecules.
The PTDs that were used in the oligomerization proof-of-concept study were
synthesized by direct conversion o f the dendrimer 1° amine termini to a pyrrole ring.
PTD synthesis by this method was limited to dendrimers having 16 pyrrole groups
(DAB-Pyi6).

O f the all DAB-Pyx, only DAB-Pyi6 was found to result in an

intromolecularly oligomerized monolayer when oxidized by electrochemical means.
The difficulty in synthesizing high-generation PTDs and the fact that only the
DAB-Pyi6 was capable of oligomerization indicates that high generation dendrimers
exhibit a peripheral crowding (close end groups). This peripheral crowding concept
was studied by monitoring the hydrogen bonding between the amide groups terminating
various dendrimers. Results from this study reveal that as dendrimer generation
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increases there is an increase in the hydrogen bonding between the end groups, thus an
increase in end group proximity.
A PTD system used to encapsulate guest molecules was synthesized by first
converting the 1° amine of an amino acid to a pyrrole ring, and then attaching the
resulting “pyrrole acid”(f-N-pyrrolyl(alkane)carboxyic acid) to a dendrimer. The
pyrrole groups of the resulting DAB-(COC*Py)3 2 , X=3,5 can be intramolecularly
oligomerized. Molecular modeling studies indicate that the PTD structure is altered by
changing the oxidation state of the peripheral oligo(pyrroles). The structural changes
induced by the oxidation state of the oligo(pyrroles) was used to direct the
encapsulation/release of guests within the PTD.

xviii
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Chapter 1
Introduction

1.1

Research Goals
The ultimate goal of this research is to incorporate mechanical properties into a

dendritic molecule (dendrimer)1,2 so that the dendrimer is capable of releasing
entrapped guest molecules upon the introduction of an external stimulus (Figure 1.1).
Such a system would have many applications, in particular, the targeted delivery of
pharmaceuticals.3,4 The ability to introduce pharmaceutical agents to a localized area in
the body in a triggered fashion has great significance in the reduction of adverse side
effects that may occur as a result of “early” drug release.5'7
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Figure 1.1
Schematic illustrating the concept of a host containing guests and
release of guests from the host upon introduction of a stimulus.
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The goal of this dissertation work is to modify commercially available
dendrimers so that they possess a stimuli-sensitive mechanism for the trapping and
subsequent release o f guest molecules. Ultimately, this stimuli-sensitive host system
will have future applications associated with the in vivo release of entrapped guests. It
would be highly desirable if the design of the stimuli-response system is such that the
external stimulus is non-invasive in nature (to the human body).

This desired

characteristic introduces new challenges into the development strategy.

With such

complex future applications in mind (delivery of reagents in biological media), the
system should be designed so that the triggered release of guests is achieved using a
water-soluble chemical

agent as the stimulus, as opposed to electricity8 or

electromagnetic radiation.9'10 Utilization of a chemical stimulant has many benefits;
primarily, the responsive host system is not limited to use in locations that are only
accessible to light or electrical stimuli.
To

achieve

the

goal

of

having

a

dendritic

host

molecule

whose

encapsulation/release mechanism is chemically triggered, a functionality (placed at the
periphery or the “tips” of the branches of the dendrimer host) whose structure is
sensitive to the chemical state of the functionality was chosen. In particular, a class of
molecules was selected that has the characteristic of structural sensitivity to oxidation
state. Most electronically conductive (conjugated) polymers exhibit various structural
conformations as a function of their oxidation state.

Most notably, poly(heterocycles)

are known to adopt significantly different structures (orientation of heterocycle rings)
when in their oxidized (doped) or reduced (undoped) states! Poly(pyrrole) has been
known to be an effective actuator resulting from swelling properties involved with

2
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changing oxidation state. It is not the swelling effect, but an actual molecular-scale
mechanical property resulting from an oxidation state induced cis-trans alteration in the
poly(pyrrole) structure that is to be incorporated into the dendrimer system.
Poly(pyrrole) has many properties that are amenable to the desired function of
the system described in this work. The low redox potential (E°’) at which poly(pyrrole)
switches from oxidized to reduced states is applicable for use in biological conditions.
An additional benefit of the low E°’ is that a wide range of oxidizing/reducing agents
can be employed, which is amenable to oxidative oligomerization of monomeric pyrrole
without causing inadvertent damage to the guests or dendrimer structure.
Pyrrole has the advantage over thiophene in that it can easily be functionalized
in the A-position.

Extensive studies on the oligomerization/polymerization of N-

substituted pyrroles in molecular assemblies such as Langmuir-Blodgett films and self
assembled monolayers provides a wide knowledge base of information that is pertinent
to this research. /V-functionalization of pyrrole monomers does not dramatically affect
the characteristics of oligomers/polymers formed thereafter.
In order to develop the encapsulation system studied in this dissertation,
commercially available dendrimers can be used as the molecular scaffold onto which
monomeric pyrrole was attached.

All dendrimers used here have propylene imine

branches that emanate from a diaminobutane core. These dendrimers are known as
poly(propy!ene imine), PPI, or diaminobutane, DAB, dendrimers; the structure o f the
five commercially available DAB dendrimers is such that their molecular weight ranges
from 316-7168 amu with 4 (generation l)-6 4 (generation 5) 1° amine-terminated
branches. The individual 1° amine termini make for good attachment points to the

3
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supramolecular dendrimer structure; these terminal functionalities can be readily
derivatized with pyrrole monomers.
terminating

the

dendrimer

Upon derivatization, the pyrrole groups

branches

need

to

intramolecularly

be

oligomerized/polymerized in order to obtain the redox active mechanical properties.
Because commercially available DAB dendrimers have a maximum of 64 termini (a
limitation improved by sterics during this synthesis), only 64 pyrrole groups can be
attached; therefore, the term “oligomer” will be used to describe the connected pyrroles
of these dendrimers.
An additional goal is to develop a consistent and reliable method for testing the
dendrimer encapsulation system; this is to be achieved by modifying conventional
dialysis techniques. Dialysis provides a means for retaining the large host molecules
while allowing the smaller guests to be released and removed. The separations can be
performed in many environments, including those that mimic physiological conditions,
which aids in assessing the feasibility of using the host system in future biological
applications. Because many dialysis experiments can be performed simultaneously, the
amount of guest contained in the host can be monitored over time to determine the
release/retention efficiency of the guest. The ability to perform time-release studies will
provide much insight into the dynamics of the encapsulation/release process.

1.2

Research Synopsis

1.2.1 General Overview
In order to achieve the goals o f this project a two-step approach was taken. The
first step involved synthesis of low-generation (small number of peripheral groups)
pyrrole-terminated dendrimers (PTDs) having a simple structure (DAB-Pyx, X=4,8,16)

4
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and studying the intramolecular oligomerization of the peripheral pyrrole groups by
electrochemical methods.11' 13

After the proof-of-concept study with simple, low-

generation pyrrole-terminated dendrimers, the second portion of the work with more
complex, high-generation PTDs (DAB-(COCyPy)x, f=3 or 5, X=32 or 64) was carried
out;

in

particular,

the

larger,

more

complex

PTDs

were

synthesized,

and

intramolecularly oligomerized and the oligomeric PTDs investigated for their ability to
effectively trap guest molecules.

1.2.2 Simple, Low-Generation Pyrrole-Terminated Dendrimers
The simple pyrrole dendrimers that were used in the oligomerization proof-ofconcept study were synthesized by direct conversion of the 1° amine termini to a
pyrrole ring.14 It was shown here and in other instances15 that as the number of end
groups per dendrimer increases, the ability to functionalize each terminal 1° amine
becomes more difficult. This is caused by a simple increase in the number of successful
reactions required per dendrimer, as well as the increase in crowding of the end groups
as the dendrimer generation rises (steric crowding).16*18 Increased crowding at the
DAB-Am* periphery becomes a problem in particular for the ring-closure reaction used
in this one-step pyrrole-terminated dendrimer synthesis.
Conversion of the 1° amines o f the DAB-Am* to pyrroles was accomplished
using 2,5-dimethoxytetrahydrofuran.14

This reaction involves opening o f the

hydrofuran (oxygen containing 5-membered heterocycle) ring by nucleophilic attack of
a terminal 1° amine of the dendrimer. The key intermediate to formation o f the pyrrole
ring is an imine terminated by an aldehyde.

A difficulty arises for high-generation

dendrimers because for a pyrrole ring to be formed, the lone pair of the imine must act

5
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to close the ring (nucleophilic attack o f imine on aldehyde); this reaction competes
directly with another reaction involving nucleophilic attack on the aldehyde by a
neighboring 1° amine of the same dendrimer (intramolecular side reaction) or 1° amines
from another dendrimer (intermolecular side reaction). Therefore, as higher generation
dendrimers are used, resulting in more 1° amines are in close proximity to each other,
an increased number of side-reactions is observed.

So it is understandable that,

although this synthesis is a one-step process, it requires extremely strict control of the
ratio of 2,5-dimethoxytetrahydrofuran to terminal 1° amines o f the DAB dendrimer.
DAB dendrimers having 4, 8, and 16 pyrroles (DAB-Pyx, X=4,8,16) were
synthesized by this direct method of converting the 1° amines o f the dendrimer directly
to pyrroles.14

Because of the difficulties involved with synthesis of the higher

generation dendrimers, the DAB-Py32 and DAB-Pyw were not obtained. The DAB-Pyx,
X=4,8,16 were evaluated for their degree of pyrrole ring conversion through the use of
infrared spectroscopy (DR), proton nuclear magnetic resonance ( ‘H-NMR), carbonthirteen

nuclear

magnetic

resonance

( >3C-NMR),

and

desorption/ionization mass spectrometry (MALDI-MS).

matrix-assisted

laser

The best method for

determining purity was found to be MALDI-MS because of the large mass differences
between the desired product and undesired side products.
Monolayers were formed from the DAB-Pyx on Au (DAB-Pyx/Au) and then
investigated by electrochemical and reflection-absorbtion
(RAIRS) methods.

infrared spectroscopy

It was discovered that the resulting DAB-Pyx/Au adsorbed to Au

by the core 3° amines; this is the case because all of the 1° amines are converted to
pyrrole rings.

In order to confirm this hypothesis, DAB dendrimers were fully

6
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functionalized with ferrocene (DAB-Fc*, X=4,8,16,32,64) and butoxycarbonyl (DABBOCx, X=4,8,16,32,64) groups.

These model dendrimers, having no terminal 1°

amines, also adsorbed to the Au surfaces. In addition, it was found by electrochemical
and RAIRS analysis that 1-hexylpyrrole and 1,2,3,4,5,6-hexapyrrolylbenzene do not
adsorb to Au surfaces indicating that the pyrrole rings do not participate in the binding
process.
Upon electrochemical oxidation (0.0 V to +1.6 V, vs. Ag/Ag+) of the DABPyx/Au, only in the case of DAB-Pyi<j/Au was the pyrrole component of the monolayer
intramolecularly oligomerized. Success of the oligomerization was determined by the
presence of a set of redox waves at +0.94 V,** which is characteristic of the oxidation
and reduction of oligo(pyrrole)s. RAIRS data corroborated the electrochemical data
further pointing to the presence o f o/igo-DAB-Pyi^Au; both techniques provide data
supporting the presence of oligo(pyrrole)s of various lengths on the Au surface.18
The fact that only the DAB-Pyi6 layers on Au were capable of oligomerization
brings to light the concept that as the dendrimer generation increases and more end
groups are present per dendrimer, there is an increased peripheral crowding of the
dendrimer termini.19*21 In this case, the crowding of pyrrole groups leads to successful
coupling at the pyrroles to form oligo(pyrroles).

In order to study this concept of

terminal group coupling, an IR technique was used that provides information regarding
hydrogen bonding of appropriately derivatized DAB-Amx.22'24 The DAB-BOCx and
DAB-Fcx both have terminal funcionalities that are attached to the dendrimer by amide
linkages; monitoring the hydrogen bonding between these amides provides information

7
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about the end group proximity of DAB dendrimers. As the end groups become more
crowded an increase in hydrogen bonding was to be expected.
Indeed, as determined by the relative amount of hydrogen bonding in two model
dendrimer systems, there is an increase in peripheral crowding with increasing
generation for the DAB-BOC* and DAB-Fc* both in solution and adsorbed on an Au
surface. For all cases, the hydrogen bonding increases proportionally to the dendrimer
generation (number of end groups). This peripheral crowding of DAB dendrimers in
solution, as well as on Au surfaces, provides rationale as to why only the DAB-Pyi6 was
capable of being oligomerized on Au surfaces. Upon electrochemical oxidation of the
DAB-Pyx/Au, only in the case of DAB-Pyi6/Au were the pyrrole monomers close
enough to couple together to result in pyrrole oligomers. These results demonstrate that
DAB dendrimers terminated with pyrrole monomers can be peripherally oligomerized
and also indicate that higher generation dendrimers undergo the oligomerization in a
more efficient manner than those of lower generation.

1.2.3 High-Generation, Pyrrole-Terminated Dendrimers
To best attain the goal of encapsulating guest molecules inside the pyrroleterminated dendrimers, higher generation dendrimers with larger cores (interior) and a
high degree of peripheral group crowding are desired. As mentioned previously, DABPyie was the largest pyrrole-terminated dendrimer obtainable by the direct conversion
of terminal 1° amines to pyrrole rings. In order to synthesize dendrimers having 32 and
64 pyrrole groups, a method of forming the pyrrole ring on an amino acid25'27 followed
by attaching the resulting “pyrrole-acid” (co-pyrrolylalkane carboxylic acid) to the
dendrimer was utilized. The process of attaching a carboxylic acid to a terminal 1°

8
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amine of the dendrimer is much less sterically demanding than the pyrrole ring-closure
reaction, and therefore, can be performed on the periphery of the DAB-A 11132 and DABAm$4 .

An additional benefit is that amino acids of various alkane spacer lengths

(between the pyrole and carboxylic acid) can be used and studied for their effects on
encapsulation efficiency; in the work presented here, amino acids having 4 (4aminobutyric acid) and 6 (6-aminocaprioic acid) carbon chain lengths were used.
In order to increase the efficiency of functionalization of 1° amine dendrimer
termini, the carboxylic acid moiety of the “pyrrole-acids” was converted to a more
reactive succinimide ester. After formation of the pyrrole-terminated dendrimers, the
by-products (NHS) were removed by dialysis. The pyrrole-terminated dendrimers were
found to be highly oxygen sensitive; dialysis can easily be performed in an oxygen free
environment so it has proven an excellent method for removal of by-products. By using
this synthetic method dendrimers having 32 or 64 pyrroles with a 4 or 6 carbon tether
(DAB-(COCyPy)x, X=32,64, K=3,5) can be synthesized. Because of the high molecular
weight (~8000 and ~ 15000) and the observed tendency for fragmentation of the amino
acids linked to the dendrimer, MALDI-MS was found not to be the best method for
determining the degree o f pyrrole functionalization. However, 1H-NMR was found to
be an excellent method for determining the degree of conversion of the DAB-Am*, such
'H-NMR analysis demonstrated that a typical synthesis yields a conversion of terminal
1° amines to amide bonds in the 90% range for the DAB-(COC>Py)x, X=32,64, T=3,5.
In order to encapsulate guests within the DAB-(COCyPy)* the monomeric
periphery o f the DAB-(COCjPy)x must be oligomerized in solution as opposed to on a
Au surface.

This was accomplished by using chemical oxidants rather than

9
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electrochemical methods. Despite their high molecular weight, the DAB-(COCyPy)*
are quite soluble in organic solvents. IR analysis indicates that upon oxidation of DAB(COCyPy)* with iron chloride (FeCh), the DAB-(COCjPy)* are oligomerized with an
efficiency similar to that of the electrooxidized DAB-Pyi6/Au. However, because the
prospective applications of this work are biological in nature, the system requires an
aqueous environment for testing its operation. Dissolution of the DAB-(COC 3 ,sPy)32,64
in water can be accomplished by protonating the core amines (below pH 8),28 resulting
in cationic water-soluble dendrimer materials.

Upon protonation the DAB-

(COC3,5Py )3 2 are quite soluble in water, however, aqueous solutions of DAB(COC 3 ^Py )6 4 have a turbid appearance at concentrations as low as S /*M, as a result of
aggregation.29 Because of the aggregation problems associated with DAB-(COC 3 ,sPy)6 4
they were not used in the encapsulation studies.
In order to encapsulate guests inside the PTDs upon oligomerization of the
peripheral pyrroles, it must first be determined if these supramolecular molecules are
capable of accommodating guests within their core (interior). Spectroscopic methods
were utilized for investigating the ability o f neutral guests (pyrene) and anionic guests
(Rose Bengal) to partition into the PTD core. Both of these guests exhibit spectroscopic
changes upon interaction with the dendrimer core.30'33 Pyrene has a fluorescence
spectrum that is the convolution of five peaks; the ratio of the first peak’s intensity to
that o f the third peak provides information on the polarity o f the pyrene
environment.34,35 This information is known as a polarity index

(I1 /I3 );

a high polarity

index is representative of a less polar environment, a low polarity index is characteristic
of a more polar environment. In this study pyrene possessed a polarity index of 0.63 in

10
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pure water, but when DAB-(COC 3 )Py32 was added to the water at a concentration of 10
/iM, the polarity index changed to 1.1. This I(/I3 value of 1.1 is the same as that of
isopropyl alcohol.

In addition to the lower polarity index, the pyrene solution

containing DAB-(COC 3 )Pyj2 exhibited a four fold increase in fluorescence intensity due
to a decrease in quenching when protected from the aqueous surrounding. Both of these
results indicate that the pyrene is partitioning into the less polar PTD core from the
more polar aqueous surrounding.
The anionic dye Rose Bengal displays a shift in its absorption maximum (Xmax)
from 575 to 549 in the visible spectrum when DAB-(COC 3 Py >32 is added to the aqueous
solution of rose Bengal Indicating complexation to the cationic core of the dendrimer.
It was observed that the DAB-(COC 3 )Py32 was capable of hosting ~4 Rose Bengal dyes
before a blue shift in their X^x indicated that a small percentage of the dye was not
complexing to the PTD core. At a guest to host ratio o f 10:1 about half of the Rose
Bengal was complexed inside the PTD host.
The dye Nile Red was used to study the mechanism o f encapsulation and release
from PTDs. Standard dialysis techniques were used to study the release of Nile Red
from the PTDs under various conditions.33,36 It was discovered that DAB-(COCs)Py32
exhibited a two-fold increase in encapsulation efficiency as compared to DAB(COC 3 >Py32 . The purpose of this study was to investigate how the PTD periphery,
whether in the monomeric, reduced oligomeric, or oxidized oligomeric affected the
release of guests. Molecular modeling studies o f oligomeric DAB-(COCs)Py32 indicate
that the cavity volume on the interior o/igo-DA B-fCO CsPy^ is 275
state and 70

A3in

A3in the oxidized

the reduced state. It was found that Nile Red release from DAB-
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(COC 5 >Py32 with the monomeric periphery was much faster than that of the DAB(COC5)Py32 with an oligomeric periphery in the oxidized state. DAB-(COCs)Py 32
having an oligomeric periphery in the reduced state allowed for release of the Nile Red
at a rate similar to that of DAB-(COCs)Py 32 with a monomeric periphery. These results
indicate that the mechanical action of an oligo(pyrrole) exterior can be directed to
retain/discharge guests encapsulated within the PTD core.

1.3

Overview of Dendrimer
Dendrimers are three-dimensional hyperbranched polymeric structures that

branch out from a central core to a dense periphery. The first dendrimers were studied
by Vttgtle, Newkome, and Tomalia.37'39 These works focused on the synthesis of
dendrimers by a divergent method, which involves dendritic growth emanating from a
central core. Fr&het was the pioneer of dendrimer synthesis by the convergent method;
this method involves synthesis of the branches followed by attachment to a central
core.40

Dendrimers differ from hyperbranched polymers41 in that they are

monodisperse under ideal synthetic conditions.

Monodispersivity is achieved by

stepwise addition of the dendrimer branches, which differs from the single-step growth
of hyperbranched polymers. However, deviations from this monodispersivity arise with
increasing size of the dendrimer due to a variety of synthetic side and failure
reactions.17
The relative size of dendrimers can be described by the term “generation”. Each
new generation is formed when the dendrimer branches, thus doubling the number of its
terminal groups. As each generation is formed, the effect of peripheral steric crowding
is expected because the branches multiply as they extend outward. Because the ratio of
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dendrimer surface area to the number of end groups occupying that becomes smaller
with increasing generation, the interior structure is less crowded than the periphery
assuming all of the branches extend outward.16'17
Two commercially available dendrimers that are currently receiving much
attention are poly(propylene imine), PPI, dendrimers having a diaminobutane (DAB)
core and the poly(amido amine), PAMAM, or Starburst dendrimers. The DAB (Figure
1.2, 1.3) dendrimers were developed by DSM Copolymer and the Starburst materials
developed by Tomalia in collaboration with Dow and Michigan State University. These
two molecular templates (dendrimers) have been used for the development of numerous
nanostructured systems.42 In addition to Tomalia,43 two research groups having major
contributions in the areas of publications involving DAB and PAMAM dendrimers are
Meijer33 and Crooks,44 respectively.

These two dendrimer systems have proven

successful in the following applications: encapsulation of guest molecules,33'43
complexation of metal ions,46"48 selective catalysis,49 and contrast agents o f magnetic
resonance imaging (MRI).42
1.4

D endrim er M onolayers on Au
Monolayers on Au formed from l°-amine-terminated dendrimers provide a

means for anchoring multiple functionalities to the surface.

Dendrimer monolayers

have similarities to alkanethiol monolayers in that they can be derivatized with
functional groups before50 or after monolayer formation.51'53 Monopodal 1° amine
structures do not exhibit a stability equal to that of alkanethiols because o f the lower
nucleophilicity of nitrogen compared to sulfur.54 However, dendrimers which have
multiple amine binding sites per molecule, form monolayers on Au not equal in
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Figure 1.2
Schematic of DAB-Amt (Generation 1), DAB-Anig (Generation 2).
DAB-Amu (Generation 3) structures.
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Figure 13
Schematic of DAB-Am32 (Generation 4) and DAB-Am*i
(Generation 5) structures.
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stability to alkanethiols but more stable than structures having a single amine binding
site.55 An advantage of dendrimers over alkanethiols is that their three dimensional
structure allows for a greater number o f functional groups to be placed on the same
footprint. An additional advantage is the ease at which functional groups can be placed
at the periphery of dendrimers. Recently, dendrimer monolayers have been used for
applications such as: switchable molecular gates,56 substrates for multilayer assembly,57
substrates to promote adhesion of conductive polymers,50 and biological sensors.53

1.5

Conductive Polymers
Interest in conducting polymers has increased as of late due to their growing

applicability in such uses as: organic light emitting diodes,58 actuators,59 biological
sensors,53 field effect transistors,60 artificial nerves,61 and photovoltaic devices 62 None
of these particular applications have been commercialized on a large scale; however, it
is inevitable that they will appear on the marketplace in the very near future. Some
current widespread commercial applications of conducting polymers include smart
windows and mirrors, anti-static coatings, corrosion inhibitors, and radar-absorbent
coatings.63 These future and current applications provided the impetus for the 2000
Nobel Prize in Chemistry to be awarded to Hideki Shirakawa, Alan MacDiarmid, and
Alan Heeger, the pioneers in conductive polymer research.
The mechanism for conductivity for all conductive polymers is electron hole
transfer along a conjugated backbone. These systems act as semiconductors in that their
conductivity is highest when there are electron holes (positive charges) supported by
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anionic dopants along the backbone.64 Electron hole transfer is associated with the
transfer o f these positive charges along the conjugated backbone of the polymer.
Poly(acetylene), is known to have the highest conductivity at -1.7 x 105 S ( Q l cm '1)
but a low environmental stability.

1.6

Effects of Oxidation State on Poly(pyrrole)
Poly(pyrrole) has a structure that can be altered by changing its oxidation state.

Pyrrole is a 5-membered aromatic heterocycle that can be polymerized by oxidation of
the monomeric species (Figure 1.4). This oxidation can be performed electrochemically
or by a chemical oxidant, which makes the polymer quite versatile for many
applications. Upon oxidation of pyrrole monomer, a radical cation is formed; two of
these species can connect to form a dimer. Subsequent oxidation of the dimer, which is
at a lower potential than the monomer, leads to the connection of the dimer to other
oxidized species eventually resulting in a polymer.

Upon polymer formation under

oxidizing conditions, the preferred, most stable conformation is a quinoid-type structure
where the pyrrole units are connected by double bonds; this conformation of the
polymer allows for the best separation (delocalozation) of the charged sites.64,63
Poly(pyrrole) can be switched alternately from the oxidized to the reduced state
by electrochemical means or chemical agents (Figure 1.5). Each oxidation state has a
different structure, both having a conjugated backbone. The pyrrole monomers in the
oxidized structure are linked by double bonds; whereas in the reduced state, the
monomers are liked by single bonds.64,63 The most significant difference in the two
structures is that the oxidized structure is locked in a planar conformation by the double
bonds linking the monomers, as opposed to the monomers in the reduced structure

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

being free to rotate about single bonds. Switching between the oxidized and reduced
structures results in molecular-scale mechanical forces.

Oxidized Poly(pyrrole)

Reduce
(+ 1 e'/n)

Reduced Poly(pyrrole)

Figure 1.5

-X

Oxidize
(-1 e/n )
+X‘

Schematic illustrating oxidized/reduced poly(pyrrole)

1.7

Dendrimers as Encapsulation Systems

1.7.1

Various Dendrimers with Applications as Encapsulation Systems
One of the most anticipated goals of dendrimer research is that involved with

their potential as systems for the encapsulation of guest molecules.66 The use of
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dendimers for such applications is derived from their supramolecuiar structure, which
has a porous interior and can be peripherally functionalized to affect solubility.67,68 A
dendrimer’s structure and function can be compared to that of a micelle.36,69 However,
dendrimers differ from micelles in that their structure is connected in a covalent fashion
and remains intact under any concentration of dendrimer. Such systems have potential
application in the stabilization of nanoparticles,46'48 can be applied to the dissolution of
metals and selective catalysis in various solutions 49 In addition, dendrimers acting as
hosts can direct the solubility of guest material,67,68 which has potential in
environmental remediation.70
Due to the tremendous strength of biotechnological research in industry,
institutions, and academics, a growing interest has been placed on dendrimers for
biological applications.

Because of their architecture, dendrimers are well suited as

vehicles for delivering a wide variety of materials of biological interest. The versatility
of dendrimers allows for their mode of delivery to take many forms.
The most common

transporter technique utilizing dendrimers involves

complexation of anionic material to a cationic dendrimer.67 71 This method has the
advantage of ease in preparation of the dendrimer/guest complexation. The mechanism
of release simply involves a change in the ionic state of either the dendrimer or the
guest. One obvious highly applicable use for such a system is the delivery of anionic
oligonucleotides.72 74 There are multiple studies involving these systems some of which
have been tested in vivo.42
Neutral dendrimers can also act as carriers by solublizing organic material in
hydrophobic cavities within their core.36 This method utilizes water soluble dendrimers
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that have lipophilic core properties, and can be used to host materials that are otherwise
insoluble in aqueous solutions. Solubility is a major issue for a number of drugs that
are biologically active but have no means of transport through the bloodstream. The
release from such systems is a result of the equilibrium between the dendrimer core and
the surrounding media.
Due to their many terminal groups, dendrimers can act as a scaffold onto which
a high molar ratio of active material (to be delivered) is attached. This method has the
added benefit that a wide variety of different groups to the same dendrimer, thus
incorporating a single carrier with multiple functions. Delivery from the peripherally
activated dendrimer can take place with the groups still connected to the dendrimer (if
the dendrimer composite is active) or by detachment of the groups (rendering them
active)75.
Similar to attachment of the active groups, a sterically bulky group can be
attached to the dendrimer in order to crowd the periphery and retain guests in the core.33
Such a molecular prison is designed so that removal o f the blocking groups facilitates
release of the guest.

In addition, removal of blocking groups having different

proportions can selectively liberate guests of various sizes.

1.7.2 Stimuli-Responsive Dendrimers as Guest Encapsulation Systems
The most sophisticated method for encapsulation/release of guests using
dendrimers involves incorporation o f some stimuli-responsive moiety within the
dendrimer structure. The purpose is to have the switchable functionality direct the
retention of a guest so that upon introduction o f an external stimulus, the guest will be
liberated.

Stimuli used to trigger the release o f guests can be in the form of an
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environmental change, for instance pH76 or ionic strength, or in the form of an induced
action such as light,77 electrical charge or temperature.1 W hatever mechanism is
incorporated into the dendrimer structure, the impetus is to have guest release directed
by this action.
The most progress has been made in the area of stimuli-responsive dendrimers
using the photoisomerizable azobenzene molecule.2

Recently there has been an

increasing interest in azobenzene for use in molecular scale mechanical devices.78'79
Azobenzene undergoes a reversible switch from the E to the Z isomer upon irradiation
with light. This photoisomerization provides a mechanical means to alter the steric bulk
of a dendrimer.

The azobenzene can be the primary component of a dendrimer’s

structure,80 used as the dendrimer core,81 or placed on a dendrimer’s periphery.2 Using
light as the external stimulus, the azobenzene dendrimers can be directed to change their
structure to facilitate the entrapment/liberation of guest molecules.2 To date, these
systems have proven to be the most promising in the area o f stimuli-responsive
dendrimers for guest encapsulation.
For the future application in biological systems, dendrimers capable of guest
encapsulation/release by the introduction of chemical stimuli have the most promise.
Such a system benefits from the ability to release the confined guest in a directed
fashion (Figure 1.1). There are three basic concepts associated with targeted delivery
systems having a triggered release, all having the goal of site specific guest delivery.
One prospective method is simply to have a delayed release from the host so that no
guest is liberated before site recognition. A second method involves the system being
sensitive to some stimulus that only exists at the desired location o f delivery. The most
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versatile method of directed delivery involves a system that exhibits triggered release
upon the introduction of an external stimulus.

Such a system can be applied to

instances where the stimulus is at the location of delivery or introduced after the host is
located at the desired release site. In addition, host systems responding to an externally
applied stimulus have controllable delivery events.
One possible route to this goal, is the incorporation of moieties, into the
dendrimer structure, having a structural change dependent on oxidation state. A prime
candidate for this application is the redox-active oligo(pyrrole).

The work here

demonstrated how a dendrimer having an oligo(pyrrole) shell in the oxidized state
displays an improved guest retention compared to that of a dendrimer having a
monomeric pyrrole shell. In addition, it is shown that chemically reducing the oxidized
shell facilitates release of the guest at a rate faster than that of the oxidized PTD and
similar to the monmeric PTD.

1.8
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Chapter 2
Materials and Methods

2.1

Experimental

2.1.1

Chemicals
All solvents were chromatographic grade or better, and unless stated, were used

without further purification. DAB-Anu. polypropylene imine tetraamine dendrimer,
generation 1.0, DAB-Amg, polypropylene imine octaamine dendrimer, generation 2.0,
DAB-Ami6, polypropylene imine hexadecaamine dendrimer, generation 3.0, DABAm 3 2 , polypropylene imine dotriacontaamine dendrimer, generation 4.0, and DABAni6 4 , polypropylene imine tetrahexacontaamine dendrimer, generation 5.0 were
obtained from Aldrich and used as received. 2,5-dimethoxytetrahydrofuran (Aldrich,
98%), 4-aminobutyric acid (Aldrich, 97%), 6-aminocaprioic acid (Aldrich, 98%), Nhydroxysuccinimide (Aldrich, 99%), 1,3-dicyclohexylcarbodiimide (Aldrich, 99%),
triethylamine (Aldrich, 99%), di-nrf-butyldicarbonate (Aldrich, 99%), pyrrole (Aldrich,
98%),

1-methylpyrrole

(Aldrich,

99%),

NJV,W,’N,-tetrabutyl-I,6-hexadecamine

(Aldrich, 97%), iron(III) chloride (Aldrich, 98%), iron(m ) nitrate nonahydrate (Aldrich,
99.99+%),

tetrabutylamonium

fluoroborate

(SACHEM,

electric

grade),

ferrocenecarboxylic acid (Aldrich, 97%), phosphorous pentachloride (Fluka, 98%), Nile
Red (Sigma), Rose Bengal (Sigma, 90%) pyrene (Aldrich, 99%), potassium hydroxide
(Fisher), sodium chloride (Fisher), sodium sulfate (Fisher), magnesium sulfate (Fisher,
anhydrous) were used without purification. All water used was distilled then filtered
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with a Bamstead reverse osmosis system followed by charcoal filtration and ion
exchange to yield water with a resistivity of 18 M42 cm.

2.1.2

Synthetic Methods
All synthetic methods used in this work are described in Chapter 3.

2.1.3 Preparation of Au Substrates for Electrochemical, Reflection-Absorbance
Infrared Spectroscopy (RAIRS), and Scanning Electron Microscopy (SEM)
All Au substrates for RAIRS and electrochemical experiments were prepared
using glass microscope slides (Fisher, 1” x 3”, 1 mm thick). The slides were wiped
with acetone soaked Kim-wipes, rinsed with acetone, sonicated in isopropanol (IPA) for
30 min and then rinsed thoroughly with 18 M & cm water before immersion in 3:1 98%
sulfuric acid:30% hydrogen peroxide (piranha solution). Caution! Pirhana solution is

highly reactive and should be handled with extreme caution. Exposure o f piranha to
organic material (such as IPA from previous step) will result in a violent exothermic
reaction. This solution should be disposed immediately after use. After cleaning with
piranha, the glass slides were first rinsed thoroughly with 18 M £ c m water and rinsed
again with absolute ethanol before being dried in a stream of nitrogen. For best results,
the broad surface of the slides should not be touched with gloved hands.

The dry

cleaned slides were placed in an Edwards 306A (Edwards, UK) cryogenically pumped
vacuum chamber, and placed under a vacuum of 1 x 10‘7 torr. Chromium (Cr) was first
evaporated onto the slides (as an adhesion layer for the following Au layer) at a rate of
0.3

A s '1to a final thickness of 30 A.

the slides at a rate of 1.5

After the Cr deposition, Au was evaporated onto

A s '1 to a final thickness of 2000 A.

The slides were allowed

to cool to room temperature under vacuum before their removal to ambient air, at which
time they were stored in absolute ethanol until use. The evaporation rates, as well as the
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final thicknesses o f the C r and Au layers, were determined by an in vacuo quartz crystal
microbalance.

2.1.4

Electrochemical Studies of
methylpyrrole) Film Growth.

DAB-Pyx/Au

(Y=4,8,16)

and

Poly(A-

All electrochemistry experiments were performed in normal three-electrode
mode using a Princeton Applied Research Potentiostat/Galvanostat Model 273A and a
Yokogawa 3025 X-Y Recorder. Conventional glass electrochemical cells with medium
porosity ceramic frits were used. DAB-Py* (X=4,8,16) monolayers (DAB-Py*/Au) for
RAIRS analysis were formed and electrochemically treated in an Ar-filled glove box
(Vacuum Atmospheres).

All solutions for monolayer preparation were made fresh

before each experiment, and all DCM used was Ar-purged (anhydrous, Aldrich, 99.8%).
The monolayers were formed on 1” x 3” Au slides (prepared as in 2.1.3) from 0.5 mM
DAB-Pyx in DCM by exposure to solutions for 5 h.

The resulting DAB-Pyx/Au

surfaces were thoroughly rinsed with DCM and placed in the electrolyte for
electrooxidation. Cyclic voltammetry o f DAB-Pyx/Au was conducted in 0.1 M
tetrabutylammonium fluoroborate (Bu4 NBF4)/DCM with an Ag/Ag1' wire pseudo
reference electrode and Pt wire auxiliary at a scan rate of 0.1 V s '1. The potential of the
DAB-Pyx/Au samples was cycled from 0.0 V to +1.5 or +1.6 V, vs. Ag/Ag+ and then
back to 0.0 V followed by removal from the electrolyte and rinsing with DCM. To
obtain pristine (non-oxidized) spectra, the DAB-Pyx monolayers on Au were formed in
an Ar-filled glove box and transferred to the RAIRS sample chamber in sealed
containers. The RAIRS chamber was confined within an Ar-filled poly(ethylene) glove
bag. This transfer protocol was required because exposure to ambient air results in
immediate oxidation of the pyrrole groups of the pristine DAB-Pyx/Au.
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The

electrochemically treated sample, referred to as ox-DAB-Pyx/Au, were handled in the
same fashion; however, RAIR analysis indicates that they were stable for ambient air
exposure times of ~1 h.
Poly(A-methylpyrrole) films for scanning electron microscopy (SEM) studies of
polymer film morphology were electrodeposited onto variously treated 1” x 3” Au
slides from a solution of 10 mM A-methylpyrrole in 0 .1 M Bu4NBF^acetonitrile (Arpurged, anhydrous, Aldrich, 99.8%). The potential of the samples was cycled from +0.3
V to +1.7 V vs. Ag/Ag+ and then back to +0.3 V a total of ten times. Three substrates
were used for the /V-methylpyrrole films; bare Au, DAB-BOCi6/Au, and DAB-Py)6/Au.
The DAB-BOC and DAB-Pyi6 on au were formed by exposure of bare Au to 0.5 mM
solution (DCM) of each denrimer for 5 h.

2.1.5

Molecular Environment of PTDs as Probed by Pyrene Fluorescence
The fluorescence spectrum of pyrene was used to monitor the interior

environment of PTDs upon its inclusion into the interior of PTDs. Pyrene has long been
used as a spectroscopic indicator of solvent polarity.1'4 A commonly used technique for
determining the polarity of an environment is to ratio the 1st and 3rd peak in the
fluorescence spectrum

(I1 /I3 )

of pyrene.5,6 This “polarity index” is used here to monitor

the nature of the environment of the PTD core.
An aqueous solution saturated with pyrene was made by adding 0.25 g of
ground (mortar and pestle) pyrene to 100 mL of water. The mixture was stirred for 30
min, sonicated for 30 min, and then stirred for 12 h.

At this point, to remove the

insoluble portion of pyrene the mixture was filtered (Whatman #1), centrifuged, and the
top quarter of the supernatant was used for analysis. The resulting pyrene solution was
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evaluated with fluorescence spectroscopy before and after the addition of DAB(COC 3Py >32 (fixed concentration of 10 /tM).

2.1.6 Ultraviolet-Visible (UV-Vls) Study of Rose Bengal Complexation by the
Interior (Core) of PTDs
PTDs were investigated as host systems for the anionic guest Rose Bengal. At
the pH values used here, the host dendrimer is cationic in its interior and the guest is
anionic. The anionic form Rose Bengal exhibits a shift in its Anu, when complexed to
the cationic dendrimer core (575 nm) compared to that o f the free dye (550 nm) in pH 7
water.

This dye has been used extensively by Meijer and co-workers to study

dendrimers and their characteristics as host systems.7' 11 In this work, the well known
method used by Meijer is incorporated to study the new pyrrole-terminated dendrimer
system. The purpose of the study at hand is to use a known method to investigate the
host capabilities PTDs.
To investigate the interaction of Rose Bengal with PTDs, a series of solutions
consisting of I jtM DAB-(COC 3 Py )3 2 and 1-30 j/M Rose Bengal series was made in 10
mM pH 7 phosphate buffer. UV-Vis spectroscopy was used to study the complexation
of Rose Bengal by the PTDs as indicated by the spectral shift resulting from dye
interaction with the dendrimer.

2.1.7 Dynamic Trapping of Nile Red by PTDs
In order to investigate the release of Nile Red from the pyrrole-terminated
dendrimer (PTD) hosts, the guest must partition from solution into the dendrimer core
(dynamically trapped) before oligomerization of the pyrrole peripheral groups. Nile
Red is highly soluble in organic solvents but sparingly soluble in water, this affinity for
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Figure 2.1 Schematic illustrating the dynamic trapping of Nile Red in PTDs.
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nonpolar environments was utilized to partition Nile Red into the core o f the dendrimer
(Figure 2.1).
All solvents were purged with Ar prior to use in the dynamic trapping process.
Nile Red was dissolved in acetone in order to obtain a high concentration of soluble
material. 6 mL of 50 /iM PTD in pH 2 HC1 was added to 30 mL o f 0.5 mM Nile
Red/acetone in 100 mL round bottom flask resulting in a Nile Red:PTD ratio o f 100:1.
The color of the Nile Red/acetone turns from red to blue upon addition of the aqueous
dendrimer solution. The mixture was placed on a shaker for 5 min, and subsequently
the volume brought up to 60 mL with pH 2 HC1, followed by being placed on a rotary
evaporator. All of the acetone was removed along with ~26 mL of the water leaving
-1 0 mL of water containing the PTD and Nile Red. Removal of the acetone caused the
Nile Red to either partition into the PTD core, which is less polar than water, or
precipitate. Reducing the volume to 10 mL ensures the removal of all acetone and
facilitates the precipitation of all insoluble Nile Red. The solution was then filtered
through Whatman #1 filter paper, and the volume of the filtrate was brought to 60 mL
with pH 2 HC1 yielding in a light blue solution. To ensure that only the Nile Red that is
dynamically trapped in the PTD passes through the filter paper, the process was
repeated with out the PTD present. Spectroscopic analysis indicates that the amount of
Nile Red solublized in the HC1 is about -5% of that when the PTD is present.
The 60 mL sample of Nile Red/PTD was divided into two 30 mL portions. 30
mL

of

Nile

Red/PTD

solution

was

exposed

to

an

oxidant

that

initiates

oligomerizatio/polymerization of pyrrole. The remaining 30 mL was left untreated and
was used as a control. Oxidation o f the Nile Red/PTD solution was carried out using
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Dialysis M em brane

Water or M eO H

Released Guest
Trapped G uest

Analysis

Figure 2.2 Schematic of dialysis process for studying time release of guest from
PTDs.
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Fe(N 03)3 with an oxidant to pyrrole ratio o f 10:1. Each 30 mL sample was divided into
equal portions (5 mL) and subsequently used in dialysis studies.

The dialysis

membranes that contained the guest/host solution were partially filled with Ar to ensure
floatation while stirring during the dialysis process.

2.1.8 Dialysis
All dialysis work was performed using Spectra/Por 1 20.4-mm-diameter
celulose membranes (molecular weight cut off (MWCO) of 6,000-8,000 amu) and 35
mm clamps.
Purification of DAB-(COC*Py ) 32 using dialysis separation was performed by
placing 20 mL of the acetone reaction mixture into a dialysis membrane; the filled
membrane was put in 800 mL o f Ar-purged acetone/water (50/50) and then the vessel
was sealed and purged with Ar. The dialysate was changed 5 times over 2 days. After
the two-day process the retentate (contents of dialysis membrane) solution was removed
from the dialysis bag (filled tubing crimped on each end) and the solvent under vacuum
yielded a yellow oily material.
Timed studies of the guest release from PTD hosts were performed by placing 5
dialysis membrane bags, each containing the same amount of host/guest, into the
dialysis vessel; each for a given time point, one of the bags was removed and stored
under Ar at room temperature until analysis was performed (Figure 1.2). The contents
of the vessel was stirred, and also kept in the dark to minimize photodegredation of the
Nile Red dye. The dialysate that contained the guest material, which had diffused from
within the dialysis bag, was changed each time a bag was removed for evaluation.
Changing the dialysate minimized effects diffusional changes that could possibly result
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form reaching equilibrium in the concentration gradient across the dialysis membrane.
If equilibrium is reached and Nile Red diffusion out o f the dialysis bag is retarded, the
results would erroneously suggest that the guest is being retained within the host.
The volume ratio of retentate (5 mL of pH 2 HC1 containing the host) to
dialysate was kept the same to avid inconsistencies caused by the varying volumes,
thus, varying concentration gradients. Maintaining the sample to dialysate ratio should
minimize error in the release rate caused by inconsistencies in the gradient between the
retentate and dialysate. Using the same dialysate volume while reducing the number of
membranes would favor a faster release from the last membrane bags removed
compared to the first bags removed.

2.2

Analysis

2.2.1

Gas Chromatography-Mass Spectrometry (GC-MS) Analysis
All GC-MS analysis was performed using a Hewlett Packard 5890 Series II Gas

Chromatograph with a 20 m x 0.18 mm (inside diameter) DB-5 J&W column (0.25 pm
thick, 5% phenyl, 95% dimethyl polysiloxane stationary phase). Ultra high purity (grade
5) helium (He) was used as the carrier gas with a pressure of 20 pounds per square inch.
Detection was accomplished with a Hewlett Packard 5971 Mass Selective Detector
(quadrapole). The column oven was set to maintain an initial temperature of 40°C for 2
min, then the oven temperature was ramped at 20°C min*1 until a final temperature of
280°C was reached. The column was held at 280°C until the analysis was complete. A
concentration of ~10 mg/mL was typically used for analysis of all synthetic materials
analyzed in this work.
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2.2.2 Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry (MALDIMS)
MALDI-MS was performed using a PerSeptive Biosystems Voyager linear
time-of-flight mass spectrometer equipped with a nitrogen laser operating a 337 nm.
Sample

preparation

involved dissolving

2,5-dihydroxybenzoic

acid

(DHB)

in

methanol/water (50/50), followed by placing 1 /iL of the matrix solution on the target
plate. The analytes were dissolved in DCM at a concentration of -1.0 mg/mL. 0.5 fjL
of sample solution was mixed with the matrix solution (on the target plate) and then
allowed to co-crystallize. It was found that the best results were obtained if the sample
solution was added to the matrix just after the first crystals began to form on the
MALDI plate. Analysis of the samples was performed using pressures below 10 s torr.
Mass Calibration of the MALDI was performed using a two-point calibration. The
calibration of the MALDI standards used were: Bradykinin (572.7 m/z), Angiotinsin I
(1296.5 m/z), human adrenocorticotropic hormone (ACTH), fragment 18-39 (2465.7
m/z) Insulin (bovine pancreas) (5732.5 m/z), Cytochrome C (12361.1 m/z).

2.2.3 Transmission Fourier-Transform Infrared (FTIR) Analysis
For this work, transmission IR spectroscopy was performed using a Perkin
Elmer 1760X FTIR Spectrometer with a triglycine sulfate (TGS) pyroelectric detector.
The resolution of all spectra was 4 cm '1 with normal apidization.

Analysis of all

synthetic material was performed by using either a capillary film between sodium
chloride (NaCl) plates for liquid/oil samples or a potassium bromide (KBr) pellet for
solid samples. Solution analysis for hydrogen bonding studies was performed using a
Spectra-Tech solution cell with NaCl windows and a 50 fan Teflon spacer (path length).
The optical bench and analysis chamber were purged with house nitrogen.
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2.2.4

Reflection-Absorbance Infrared Analysis
A Nicolet 740 FTIR Spectrometer with a liquid nitrogen-cooled, wide-band

MCT detector was used in these studies. The instrument was outfitted with a versatile
reflection accessory with a retro-mirror attachment (VRA-RMA) that was supplied by
Harrick Scientific. The incident IR radiation was passed through a wire grid polarizer
(Harrick Scientific) to provide p-polarized light and the sample substrate was aligned so
that the beam was 86° with respect to the surface normal o f the reflective sample
substrate. The analysis chamber was contained within an Ar-filled poly(ethylene) glove
bag. The optical bench was purged with house nitrogen that had been scrubbed with a
homemade CO 2 , water, and hydrocarbon scrubbing system. RAIRS data was collected
using a freshly prepared bare Au slide as the background (1024 scans), the DABPyx/Au spectra were averaged from 512 scans; while 1024 scans were used for the
structures of hydrogen bonding study. A resolution o f 4 cm '1 was used for all studies.
The Nicolet software was used to correct for residual water vapor bands in the RAIR
spectra.

2.2.5 Ultraviolet*Visible Spectroscopy
Analysis of dyes and guest/host systems was performed using an Aviv Model
14DS UV-VIS-IR Spectrophotometer using a photomultiplier tube detector with the
averaging time set to 2 s step'1 and the steps set at 1 nm increments. Quartz or glass
cells having a path length of 1 cm were used for all analyses. Background spectra were
collected using the same media as that for the corresponding sample.
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2.2.6

Fluorescence Spectroscopy
In this work, all fluorescence spectroscopy studies were performed using a

Spex Fluorolox spectrophotometer with a 1680/1681 0.22 m double spectrometer with
an ethylene glycol cooled photomultiplier tube (PMT) detector. Emission spectra were
collected with the PMT located 90° with respect to the excitation source.

A 0.1 s

averaging time was used with a step size of 1 nm.

2.2.7 Molecular Modeling of DAB-(COCsPy)j2
The modeling studies illustrated in this dissertation were performed using Sybyl
Version 6.4 and the Tripos force field (no electrostatics) was incorporated for structure
minimization.

Four different cycles of simulated molecular dynamics runs were

performed for conformational searching. The minimized structures were used as that
starting point for annealing dynamics which began at a high initial temperature of 10001400 K, with run lengths of 8000-12000 femto seconds. A 100-400 K increment was
used for the temperature decrease to 0 K (final temperature). Sucsessful conformational
searching was indicated, as the energies for the final structures obtained from the
molecular dynamics runs were lower than the initial minimized structures.

2.3

Theory of IR Spectroscopic End Group Analysis
End group analyses are commonly used to estimate the monomeric repeat length

of a given polymer.

Such methods as: NM R,12,13 MALDI-MS,14,15 and various

spectroscopic methods which involve tagging the end groups with a spectroscopically
active marker16,17 are used for many polymers. The concept of end group analysis
typically involves comparing some numerical value associated with a characteristic of
the polymer backbone to that of the termini so as to obtain an estimate of polymer size.
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Usually the value (band intensity, etc.) is ratioed to that of the backbone; a
limitation of this typical methodology is that such analysis is limited to low-molecular
weight materials. Zerbi developed a method that makes use of IR spectroscopy to
obtain a qualitative value for the number o f repeat units in oligo(pyrroles).18,19 This
method was developed by observations in bands in IR spectra of oligo(pyrroles) of a
known monodisperse length, in particular, 3, 5 ,7 , and >20 repeat units.
Poly(pyrrole) is a conjugated polymer, and this conjugation along the backbone
affects the position and intensity of IR bands associated with the pyrrole ring
deformations. Like most end group analyses, Zerbi’s method compares spectroscopic
bands of the polymer backbone to those of the termini. In addition to a change in
intensity, these bands also exhibit spectral shift associated with a particular oligomer
length. In particular, in-plane and out-of-plane vibrational modes associated with the
backbone (B mode) of the oligomer/polymer have a signal that is different (frequency
and intensity) from the oligomer tail (T mode) signal; the band intensity ratio of these
signals was termed the effective conjugation coordinate (ECC). The end groups of the
oligo(pyrrole) end groups have ring deformation bands that are similar to those of
monomeric pyrrole but different from those characteristic of the oligo(pyrrole)
backbone.
The C -H out-of-plane deformations for the pyrrole ring (m(C-H)oop-ring) between
the frequencies of 800-700 cm '1 provide information on the length of oligo(pyrrole).
Monomeric pyrrole exhibits a single intense band at -720 cm '1 for the out-of-plane ring
deformation (<u(C-H)oop-ring); this is also the position of the band characteristic of an
oligomer end group. The 720 cm '1 band is characteristic of a tu(C-H) for the hydrogen
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at the 0-position of the pyrrole ring; both the monomer and the end group, each
posessing an ^-hydrogen, have similar vibrations for this 0-(C-H) deformation.

A

band at 800-795 cm '1 is characteristic of dimeric pyrrole; the peak intensity is related to
the abundance of dimer in the sample at hand. A red shift of the dimer band at to 765750 cm '1 is indicative of longer oligomers. The assignments for oligomer lengths for
this study are as follows: (Py)3=764, (Py)s=762, (Py>7=762, and poly(pyrrole)=759 cm'
\ 18,19 As the oligomer length increased and the end group consists of a smaller portion
of the overall sample its peak at 725 cm '1 decreases in intensity.
An additional region useful for estimating oligomer length is that of the in-plane
deformations for the pyrrole ring (<w(C-H)oop-ring) between 1100 and 1000 c m 1; the
intensity of these bands is more informative than their position. The intensity of the
band at 1064 cm '1 (T mode) is proportional to the amount of monomer or oligomer end
groups present in the sample, whereas the length of the backbone is reflected by the
intensity of a band at 1035 cm '1 (B mode). Occasions where the T mode is less intense
than the B mode are characteristic o f monomeric or dimeric pyrrole. Trimeric pyrrole is
indicated by the T mode being equal in intensity to that of the B mode. For pentameric
pyrrole the intensity of the T mode is about 40% of that for the B mode, and the T mode
is present but almost unobservable for oligo(pyrrole)s having seven or more repeat
units. Although the intensity of the ctf(C-H)ip.ring bands is extremely sensitive to the
length of the oligomer, the frequency position (energy) of the aKC-Hiring does not
change more than five wavenumbers for either the B or T mode. The band positions
discussed in this method are specific to this study and they may differ for experiments
conducted under various conditions. Zerbi has developed another EC C method for 0-
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substituted pyrroles;20 however, the method discussed in this dissertation is applicable
to pyrroles having characteristic a) transitions with frequencies similar to those of
unsubstituted pyrroles, such as those that are substituted in the ^-position.21'23

2.4
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Chapter 3
Synthesis of Various Functionalized Diaminobutane (DAB) Dendrimers

3.1

Introduction
In this work, DAB dendrimers having

1° amine termini (DAB-Am*,

X=A,8,16,32,64) are utilized as a molecular scaffold (Figure 3.1), onto which were
attached pyrrole groups. Commercially available dendrimers are used in many different
applications due to the fact that a wide range of functional groups can be placed on their
termini.1'3

Because these groups are on the exterior, they direct the dendrimer’s

characteristics such as solubility,4 electroactivity,5 and spectroscopic response.6

In

nearly all cases presented in the literature, commercial dendrimers are functionalized
using simple coupling techniques.4,5,7,8 These methods take advantage of dendrimers
that are terminated with nucleophilic alcohols or 1° amines. Functional groups having
an electrophilic site can be tethered to a dendrimer structure by means of nucleophilic
attack from the dendrimer termini.
The work presented here utilizes two methods for functionalizing dendrimer
termini with pyrrole groups. Low-generation pyrrole-terminated dendrimers (DAB-Py*,
X=4,8,16) were synthesized by converting the terminal 1° amines of the DAB-Am*
dendrimers directly into a 5-membered aromatic heterocycle, a pyrrole ring.9 In this
instance, the functional group was formed from the dendrimer 1° amines through a ringclosure reaction, rather than attaching it by means of a coupling reaction. This method
of ring closure simplifies the product structure; however, the complexity of the ring
closure route limits its application to dendrimers having no more than 16 pyrroles
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DAB-Anij
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Figure 3.1

NH,

Structure of DAB-Am* (A=4,8,16).
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(DAB-Pyi6>. Dendrimers having 32 or 64 pyrroles (DAB-(COCxPy)y, £=3 or 5, Y=32
or 64) were synthesized by forming the pyrrole ring on an amino acid “pyrrole-acid”
followed by attachment of the pyrrole-acid to the dendrimer termini by common peptide
coupling reactions found in the literature.
DAB dendrimers having butoxycarbonyl (BOC) (DAB-BOC*, £=4,8,16,32,64),
and ferrocene, (DAB-Fc*, £=4,8,16,32,64), termini were utilized in this work as model
systems to study the mechanism for surface binding and location of dendrimer endgroups. Both of these model dendrimers were synthesized using well known peptide
coupling reactions.5,7,11

3.2

Synthesis of Pyrrole-Terminated DAB Dendrimers (DAB-Pyx, £=4,8,16) by
Direct Conversion of Terminal Amines to Pyrroles (Ring Closure)
The commercially available DAB-Am* (£=4,8,16) were used as molecular

substrates onto which pyrrole groups were placed. The DAB-Pyx (£=4,8,16) (Figure
3.2) were constructed via a modified Clauson-Kaas ring closure reaction12' 14 of 2,5dimethoxytetrahydrofuran with the 1° amines of the DAB-Amx periphery. DAB-Py4,
was prepared by sequential addition of DAB-Anu (0.200 g, 0.632 mmol, 2.53 mmol
terminal

1° amines), 2,5-dimethoxytetrahydrofuran (0.341 g, 2.58 mmol,

1.02

equivalents per terminal 1° amines), degassed glacial acetic acid (2.00 g, 9 equivalents
per terminal 1° amine), and degassed acetonitrile (2.08 g, 20 equivalents per terminal 1°
amine) to a 100-mL round bottom flask under Ar. The reaction mixture was stirred at
45°C for 24 h. Matrix-assisted laser desorption/ionization mass spectrometry (MALDIMS) was used to monitor the reaction.

Upon completion, the pH of the amber
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Figure 3.2

Structure of DAB-Py* (jf=4,8,16).
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(1.02 eq., 2% excess)
OMe

Me'

(1 eq.)
dendrimer

Desired Reaction
(2% excess 2,5-dimethoxytetrahydrofuran)

+

K =

H

Intra-Dendrimer Side Reaction
(< 2% excess 2,5-dimethoxytetrahydrofuran)
OH
••

NH
H
N =

NH

Inter-Dendrimer Side Reaction
(> 2% excess 2,5-dimethoxytetrahydrofuran)
N

•N =

Figure 3.3

Schematic of DAB-Py* Synthesis.
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solution was adjusted to 9 using degassed aqueous 1 M potassium hydroxide (KOH),
and the resulting solution was then extracted with Ar-purged dichloromethane (DCM)
(3 x 10 mL).

After centrifugation, the organic portion was dried (sodium sulfate,

NaaSO,)) and filtered, and then the solvent was removed under vacuum to yield an
amber, oily material. The DAB-Py8, and the DAB-Pyi6, were synthesized by the same
method as that for DAB-Py4.
Although simple in principle, successful synthesis of DAB-Pyx using the ring
closure reaction requires careful control of the ratio of 2,5-dimethoxytetrahydrofuran to
DAB-Amx (Figure 3.3). For production of the fully functionalized pyrrole-terminated
dendrimers without side-products, the scale of the reagents is determined by the
terminal 1° amines, not the dendrimer molecules themselves, paying special attention to
the 1.02 equivalents (2% excess) o f 2,5-dimethoxytetrahydrofuran per equivalent of

Mi

3

O
U

0

500

1000

1500
m/z

2000

2500

3000

Figure 3.4
MALDI-mass spectrum of DAB-Py* synthesis products showing the
inter-dendrimer connection (broad peaks) of incompletely functionalized DAB*
Amg (sharp peaks).
3U
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terminal 1° amine. Deviations in the amount o f 2,5-dimethoxytetrahydrofuran used can
lead to multiple intradendrimer and interdendrimer side reactions, resulting in a wide
distribution o f products. Some of the side-products are those containing unclosed rings
(dangling aldehydes).15 In addition, it has been found that side-products can be formed
by reactions involving a dangling aldehyde and a second terminal amine from the same
or separate dendrimers, resulting in products with incomplete pyrrole ring derivatization
(intradendrimer connections) or those which are composed of dendrimers connected
together by four carbon units (interdendrimer connections).
The latter case of interdendrimer connections is noted when >1.02 equivalents of
2,5-dimethoxytetrahydrofuran are used, where the dimer of two partially pyrrolefunctionalized dendrimers is evident at roughly m/z 2200 in the MALDI mass spectrum.
Larger interdendrimer products (trimers, tetramers, pentamers, etc.) are also observed.
The ring-closure reaction was limited to the production of dendrimers having 16
pyrroles or less. Higher generation dendrimers (DAB-Am 32 ,6 4 ) have terminal groups

516.3 (M+H)f

CS

3

M o l . Wt.: 516.76

500

Figure 3.5

1000
m /z

1500

2000

MALDI-mass spectrum and structure of DAB-Py^
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Figure 3.6
MALDI-mass spectrum and structure of DAB-Pyg. Fragments are
denoted by Ft and F2.
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MALDI-mass spectrum and structure of DAB-Pyi*. Fragment is
denoted by F.
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that are closer together than that o f the DAB-Ant|6 (see Chapter 4). This proximity
effect becomes a problem in the ring closure reaction because of the propensity for
formation of side products. It was found that varying the 2,5-dimethoxytetrahydrofuran
to terminal 1° amine ratio led to either interdendrimer or intradendrimer side products,
but not fully functionalized materials. Therefore, pure DAB-Py32 nor DAB-Py^ could
not be synthesized by performing the ring-closure directly on the 1° amines of the
dendrimer.

Undesired side-products and incompletely functionalized dendrimers are

easily detected by MALDI-MS (Figures 3.5,3.6,3.7).
3.2.1 C haracterization D ata for DAB-Py* (A=4,8,16)
DAB-Py4: 92% yield, ‘H NMR (CDC13, 300 MHz): 8 6.65 (d, 8H, Py-2,5-W),
6.16 (d, 8H, Py-3,4-/J), 3.91 (t, 8H, -CH2-Py), 2.40 (t, 12H, N(Ctf2)3), 1-85 (m, 8H,
CH2C //2CH2), 1.35 (br, 4H, NCH2C //2C //2CH2N).

,3C NMR (CDC13, 75 MHz): 8

120.3 (-Py-2,5-C), 108.1 (-Py-3,4-C), 53.6 (NCH2CH2CH2CH2N), 50.6 (CH2CH2CH2Py), 47.3 (CH2-Py), 28.6 (CH2CH2CH2-Py), 24.5 (NCH2CH2CH2CH2N). FTIR (NaCl):
v(C-H)n„g 3099, va(CH2) 2942, vs(CH2) 2865, v(CH2)Py.CH2 2808, v(C=C)ip.ri„g 1659,
K C ^ V n n g 1501, <5(CH2) 1448, v(C-N)aliphatic 1282, <S(C-H)iP.nng 1089, <5(C-H)ip.riI1g
1063, oXC-IUoop-nng 970, ftKC-H)00p.ring 724 cm '1.

MALDI-MS [M+H+] 516.2 m/z

(516.8).
DAB-Pyg: 95% yield, 'H NMR (CDC13, 300 MHz): 56.62 (d, 16H, Py-2,5-H),
6.13 (d, 16H, Py-3,4-H), 3.88 (t, 16H, -CW2-Py), 2.37 (t, 36 H, N(CH2)3), 1.85 (t, 24H,
CH2C //2CH2), 1.53 (br, 4H, NCH2C //2C //2CH2N). ,3C NMR (CDC13, 75 MHz): 8 120.3
(-Py-2,5-C), 107.9 (-Py-3,4-C), 53.6 (NCH2CH2CH2CH2N), 51.8 (CH2CH2CH2), 50.6
(N(CH2)3), 47.3 (CH2-Py), 28.6 (CH2CH2CH2-Py), 23.8 (NCH2CH2CH2CH2N). FTIR
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(NaCl): v(C-H)ring 3095, va(CH2) 2947, vs(CH 2) 2865, v<CH2) Py^

H2

2803, v(C=C)ip.n„g

1668, v(C=C)jp.ring 1501, 5(CH2) 1457, K C - N U ^ 1282, fi(C-H)ip.ri„g 1089, 5(C-H)ip.
ring 1063, ffl(C-H)oop.ring 960, (U(C-H)oop-ring 723 cm '1.

MALDI-MS [M+H+] 1174.3

(1173.7), fragment 904.0 m/z.
DAB-Pyi<: 86% yield, lH NMR (CDC13, 300 MHz): 56.67 (d, 32H, Py-2,5-//),
6.18 (d, 32H, Py-3,4-//), 3.92 (t, 32H, -C //2-Py), 2.41 (br, 84 H, N (C//2)3), 1.87 (t, 56
H, CH2C //2CH2), 1.58 (br, 4H, NCH2C //2C //2CH2N). ,3C NMR (CDC13, 75 MHz): 8
120.3 (-Py-2,5-C), 107.9 (-Py-3,4-C), 52.3 (NCH2CH2CH2CH2N), 51.1 (CH2CH2CH2),
49.9

(CH2CH2CH2-Py),

46.6

(CH2-Py),

27.9

(CH2CH2CH2-Py),

22.8

(NCH2CH2CH2CH2N). FTIR (NaCl): v(C-H)ri„g 3095, va(CH2) 2942, vs(CH2) 2866,
v(CH2)py.cH2 2800, v(C=C)jP.ring 1668, v(C=C)jP.ring 1499, <5(CH2) 1462, v(C-N)aiiphaiic
1280, 8(C-H)ip.ri„g 1087, 8 (C -H )ip.ri„g 1063, co(C-H)00p.ri„g 962, co(C-H)oop.ring 721 cm '1.
MALDI-MS [M+lT] 2488.4 (2487.8), fragments: 2215.6, 1216.7, and 714.3 m/z.
3.3

Synthesis of Pyrrole-Term inated D endrim ers (DAB-(COC3Py)32 an d DAB(CO C5Py)32) Using an Amino Acid Linkage
The formation of high-generation, pyrrole-terminated DAB dendrimers was

achieved by peptide coupling of o>-(N-pyrrolylalkane)carboxylic acids to the 1° amines
of DAB-Am32 (Figure 3.8). As mentioned in section 3.2, the steric requirements of the
ring closure reaction prevent direct conversion of 1° amines on dendrimers having more
than 16 end-groups (DAB-Am32t64 ). Performing the ring-closure reaction in order to
convert the 1° amine of an amino acid to a pyrrole is simpler than performing 32 of
these reactions on the crowded periphery of a single dendrimer molecule. Thus, the ay
(N-pyrrolylalkane)carboxylic acid material can be readily attached to the DAB-Amx.
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Figure 3.8

Reaction scheme for the synthesis of DAB-(COCjPy)32 and DAB-

(COCsPy>32.
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Amino acids having 4 (4-aminobutyric acid) and 6 (6-aminocaprioic acid) carbons were
utilized in this work. It should be noted that this ring-closure reaction does not work for
amino acids having less than 4 carbons because they undergo rearrangement and further
condensation.13

Figure 3.9

3.3.1

Schematic of DAB-fCOCsPyta

Synthesis of fi>(A-Pyrrolyl)butanoic Acid and fl>(A-Pyrrolyl)hexanoic Acid.
Both amino acids were converted to pyrrole acids via a modified Clauson-Kaas

ring-closure reaction.13' 13 In a 100 mL three-neck round-bottom flask containing Ar-
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purged

10%

acetic acid,

1

equivalent of the amino acid was dissolved, followed by the

addition o f 1 equivalent of 2,5-dimethoxytetrahydrofuran. The reaction mixture was
heated at 4S°C under Ar until the solution turned from colorless to yellow (~2 h). If the
reaction is heated too long or at elevated temperatures then side reactions such as
oxidation or dimerization of the pyrrole at the 2,5-positions occur; this is evident by a
darkening of the solution to an orange color. After cooling to room temperature, the
resulting pyrrole-acid was extracted from the mixture with degassed DCM 3 times. The
DCM extracts are combined and washed with degassed pH 2 hydrochloric acid (HC1) 4
times. The DCM was then dried (Na2 S0 4) and the solvent removed under vacuum to
yield a yellow oil. Yields of 40-60% are typical for both pyrrole acids. The yield can
be increased by lengthening the reaction time, however, this also increases the
likelihood of side reactions, especially in the case of the a>-(A-pyrrolylbutanoic acid).
These side reactions are difficult to separate from the product, therefore, the shorter
reaction time was selected.

The resulting a>-(jV-pyrrolyl)butanoic acid and o)-(N-

pyrrolyl)hexanoic acid were characterized using GC-MS and IR and kept under Ar at 20°C until further use. The GC-MS data indicates the presence of a single product at
the mass of the corresponding pyrrole-acid.

The IR indicates that there is no

substitution at the 2,5-positions (most reactive sites ) 15 of the pyrrole rings . 17,18
3 . 3 .2

S y n th e s is

of

fl> (A -P y rro ly l)-l-b u ta n o ic -s u c c in im id e

E s te r

and

P y rro ly l)-l* h e x a n o ic * s u c c in im id e E s te r

Peptide bond formation via direct coupling is not as efficient as reactions
performed using an activated species of the carboxylic acid.

It was found that

converting the pyrrole acids to acid chlorides gives a product that is not stable even
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under the most inert conditions. The 2-position on the pyrrole ring cyclizes with the
acid chloride, therefore, the succinimide ester was chosen as a leaving group.
The pyrrole-acids were converted to activated esters in order to increase their
reactivity toward the nucleophilic terminal 1° amines of the DAB-Am* dendrimers.
The pyrrole-succinimide esters were synthesized by separately dissolving 1 equivalent
of pyrrole-acid, 1.1 equivalent of N-hydroxysuccinimide (NHS), 1.1 equivalent of 1,3dicyclohexylcarbodiimide (DCC), and 1 equivalent of triethylamine (Et3 N) in acetone.
All reagents were then added to a 100 mL round-bottom flask and allowed to stir for 12
h under Ar. A white solid was produced as the DCC is converted to dicyclohexylurea
(DCU) indicating progression of the reaction. The reaction mixture was filtered and the
acetone removed under vacuum. The light yellow wax was dissolved in acetonitrile and
washed with hexane ten times, dried (magnesium sulfate) and the solvent removed
under vacuum resulting in a light yellow waxy material. Typical yields for the pyrrolesuccinimide esters were 65-75%. The aH/V-pyrrolyI)-1-butanoic-succinimide ester and
o>-(A(-pyrrolyl)-l-hexaanoic-succinimide ester were characterized by GC-MS and IR
and kept under Ar at -20°C until further use. The GC-MS data indicates the presence
of a single product at the mass of the corresponding pyrrole-succinimide esters. The IR
indicates that there is no substitution at the 2,5-positions of the pyrrole rings.

3.33

Synthesis of DAB-(COC3Py>32 and DAB-(COCsPy)32
Synthesis of a DAB dendrimer having 32 pyrrole termini was accomplished

using a)-(iV-pyrrolyl)butyric-succinimide ester and m-(A-pyrrolyl)hexanoic-succinimide
ester. The DAB-(COCxPy >32 (Figure 3.9) was synthesized by separately dissolving

1

equivalent of DAB-Am 32 , 38.4 equivalents (1.2 equivalents per 1° amine, 20% excess)

58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

of the corresponding pyrrole ester, and 32 equivalents of Et3N in Ar-purged acetone.
The reagents are added together and allowed to stir under Ar for 24 h. The resulting
clear-yellow solution was placed in a dialysis membrane having a molecular weight cut
off (MWCO) of 6000-8000 amu. The sealed dialysis membrane (20.4 mm diameter
membrane, 35 mm clamps) containing 15-20 mL o f acetone was dialyzed (stirring)
against 800 mL of Ar-purged acetone/water (50/50) in a sealed Ar-purged vessel. The
dialysate was changed 5 times over 2 days, and the retentate (contents o f dialysis
membrane) solution was removed under vacuum to yield a yellow oily material.
3 3 .4

C h a r a c t e r i z a t i o n D a t a f o r D A B - f C O C j P y t a a n d D A B - ( C O C 5P y )3 2

The resulting DAB-(COC 3Py )3 2 and DAB-(COCsPy )3 2 were analyzed by IR, *HNMR, and l3 C-NMR. The 'H-NMR results indicate >90% conversion of terminal 1°
amines to amide bonds with typical yields o f 60-75%.
1°

A >90% conversion o f terminal

amines to amides was determined by comparing the methylene hydrogens adjacent to

the branch points (N (C // 2 )3) of the DAB dendrimer structure to the number o f amide
hydrogens that are a result of the amide linkage to a pyrrole. FTIR analysis has proven
a useful tool in the product analysis. A conversion of succinimide-esters to amides is
evident by the transformation of carbonyl bands (-1700 cm '1) to Amide I and Amide II
bands (Figure 3.10). Because pyrroles are air sensitive, they are subject to oxidation at
every point along the synthesis of DAB-(COC 3 Py ) 3 2 and DAB-(COC 5 Py) 32 .

An

excellent indicator o f pyrrole oxidation is a tu(C-H)oop-ring band at 800 cm '1, presence of
this band is indicative of a substituent

at the 2,5-positions (most reactive) of the

pyrrole. This 2,5-substitutuent can be caused by the addition of a carbonyl or another
pyrrole ring (dimerization); however, if a carbonyl is present, an additional band at
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~1700 cm ' 1 will also be present. It should be noted that bi-pyrrole (impurity) can be
detected with IR at concentrations that are undetectable with GC-MS or 'H-NMR. The
molar extinction coefficient is quite high for bi-pyrrole; therefore the spectroscopic
method gives the best results for its detection . 17,18
DAB-(COC 5 Py) 3 2: 'H-NMR (CDC13, 250 MHz): 56.61 (t, 64H, Py-2,5-H),

6 .1 0

(t, 64H, Py-3,4-fl), 3.83 (t, 16H, -CH2-Py), 3.21 (s, 36 H, C //r NH-C=0), 2.36 (s, 180
H, N(CH2)3), 2.14 (t, 64 H, ONC-C// 2-CH 2 -CH 2 -CH;-CH 2-Py), 1.74 (q, 64 H, ONCCH 2 -CH 2 -CH 2-CH 2 -CH 2-Py), 1.64 (d, 64 H. ONC-CH 2 -CH 2 -CH 2-C // 2-CH 2-Py, 120 H,
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CH 2 -Cff 2 -CH2),

1.30

(t,

64

H,

ONC-CH 2 -CH 2 -C //r CH 2 -CHr Py,

NCH 2C // 2C f/ 2CH 2 N). ,3C NMR (CDC13, 63 MHz):
108.0

(-P y .3 ,4 -0 ,

(CH 2 -Py),

(NCH 2CH 2 CH 2 CH 2 N(CH2)2),

52.3

49.5

8

4H,

173.5 (C=0), 120.6 (-Py-2,5-C),

(NCH 2 CH 2CH 2 CH 2N(CH2)2),

51.2

(CH 2-ONC-CH 2 -CH 2 -CH 2 -CH 2 -CH 2 -Py).

37.9

(ONC-CH 2 -CH 2 -CH 2 -CH 2 -CH 2 -Py), 36.4 (CH 2 CH 2CH2), 31.5 (ONC-CH 2-CH 2 -CH2CH 2 -CH 2 -Py), 27.2 (NCH 2 CH 2CH 2CH 2 N) (NCH 2 CH 2CH 2 CH 2 N), 26.5
CH 2-CH 2-CH 2 -CH 2-Py),

25.5

(ONC-CH 2 -CH 2 -CH 2 -CH 2 -CH 2 -Py).

(ONC-CH2FTIR

(NaCl

capillary film): v(N-H)amide 3239, v<C-H)ring 3096, va(CH2) 2936, vs(CH2) 2862,
v<CH2 )py.cH2

2804,

, 1643, ft*N-H)amidc „ 1552, v<C=C)ip.rillg 1502,

4 (C H 2 )aiiphauC, v<C=N)nng 1462, ^(C H 2)aiiphaiic 1372, ^C -N )aiiphadc 1281, v(C-C)aliphatic
1153, <*C-H ) ip.n„g 1089,
H)oop-ring 725,

<5(C-H)ip.ri„g

GJ(C-H) oop-ring 617 CIT1

D A B - ( C O C 3P y ) 32:

1061,

ftj(C-H)oop.nng

967,

oXC-H)oop-ring

820,

<o(C-

.

'H-NMR (CDC13, 250 MHz): <56.63

( t,

64H, Py-2,5-//), 6.13

(t, 64H, Py-3,4-H), 3.9 (t, 16H, -CH2-Py), 3.23 (d, 36 H, C // 2 -NH-C=0), 2.20 (s, 180 H,
N(Ctf2)3), 2.07 (m, 64 H, O NC-C// 2-CH 2 -CH 2 -Py, 64 H, ONC-CH 2-C // 2 -CH 2 -Py), 1.59
(s, 120 H, CH 2-C f/ 2 -CH2), 1.32 (s, 4H, NCH 2C // 2C // 2CH 2 N). 13C NMR (CDC13, 63
MHz):

8

172.8

(C=0),

120.9

(-Py-2,5-C),

108.4

(-Py-3,4-C),

52.4

(NCH 2 CH 2CH 2 CH 2 N(CH2)2), 51.8 (ONC-CH 2 -CH 2 -CH 2-Py) 49.1 (CH 2CH 2CH 2ONC),
38.3 (CH 2 CH 2 CH 2ONC), 33.3 (ONC-CH 2 -CH 2 -CH 2 -Py), 31.4 (CH 2 CH 2CH 2-ONC),
27.7 (NCH 2 CH 2 CH 2CH 2 N) 24.4 (ONC-CH 2 -CH 2-CH 2 -Py).

FTIR (NaCl capillary

film): v<N-H)amide 3298, v*C-H)n„g 3096, va(CH2) 2944, vs(CH2) 2872, v(CH 2 )Py<:H2
2816, v(C=0)amide | 1644,

u 1556, v{C=C)ip.nng 1500, 4(C H 2 )a|jPhatiC,

v(C=N)nng 1444, <5k(CH2)aUpiadc 1376, v(C-N)aiiphadc 1281, v(C-C)aliphatic 1164, S(C-
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H)ip-ring 1092, 5(C-H)ip.nng 1059, ftj(C-H)oop-ring 968, £U(C-H)oop-ring 820, G)(C-H)<'oop-nng

728, fi)(C -H )00p.ring 616 cm '1.
3 .4

S y n th e s is o f B u to x y c a r b o n y 1 -T e rm in a te d

DAB

D e n d rim e rs

(DAB-BOCx,

* = 4 ,8 ,1 6 ,3 2 ,6 4 )

All of the DAB-BOCx (*=4,8,16,32,64) were synthesized by reaction of the
terminal 1° amines o f DAB-Am* (*=4,8,16,32,64) with di-ferf-butyl dicarbonate

O

II

o— c— o— c— o
MeOH
dendrimei
dendrime

di-terr-butyl dicarbonate

DAB-BOCx

F i e u r e 3 .1 1

R e a c tio n s c h e m e f o r th e s y n th e s is o f

(Figure 3.11).

DAB-BOCx ( * = 4 , 8 . 1 6 . 3 2 , 6 4 )

DAB-BOC 4 was synthesized by dissolving 1 equivalent of DAB-Anu,

4 equivalents of Et3N, and a catalytic amount of dimethylaminopyridine (DMAP) in 25
mL of Ar-purged methanol. 4.8 equivalents (1.2 equivalents per 1° amine. 20% excess)
of di-rm-butyl dicarbonate was separately dissolved in 25 mL of Ar-purged methanol.
The two solutions were added to a 100 mL round bottom flask and refluxed under Ar
for 12 h.

The methanol was removed under vacuum, and the material was then

dissolved in DCM followed by washing with sodium bicarbonate (N aH C03) 2 times,
NaCl 2 times H2 O 1 time, then dried (Na2 S0 4 ) and the solvent removed under vacuum.
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D A B -B O C x ,

(*=8,16,32,64) were synthesized by the same method as

D A B -B O C 4

with

the ratio of terminal 1° amines o f the DAB-Amx to di-rm -butyl dicarbonate remaining
1:1.2. Complete protection of the dendrimer 1° amines was obtained for DAB-BOCx,
(*=4,8,16,32,64) as indicated by observation of only the pseudo-molecular ion of the
fully functionalized dendrimer in the
D A B -B O C 4

716.3 (717.1 calculated),

3286 (3288 calculated),

M ALDI

D A B -B O C g

D A B -B O C 32

M A L D I -M S

m/z [M-H*]

1576 (1574 calculated),

D A B -B O C , 6

mass spectra.

6720 (6717 calculated), DAB-BOCm 13568

(13575 calculated). The masses obtained for these synthetic products are within the
error of the MALDI instrument used of the calculated masses. It is clear that the error is
not caused by the existence of incompletely converted terminal 1° amines; a mass
difference of 100 m/z would be indicative o f incomplete dendrimer functionalization.

3.5

Synthesis of Ferrocene-Terminated
*=4,8,16,32,64)

DAB

Dendrimers

(DAB-Fcx,

All of the ferrocene-terminated dendrimers (DAB-Fcx, *=4,8,16,32,64) in this
work were synthesized using an acid chloride derivative of ferrocenecarboxylic acid
(Figure 3.12).

Ferrocenoyl chloride was synthesized in an Ar-filled glove box by

adding 1.2 equivalents of phosphorous pentachloride (PCI5) in small portions to 1
equivalent ferrocenecarboxylic acid in dried (magnesium sulfate) benzene and then
allowed to stir for 1 h. Upon removal from the glove box, the reaction mixture was
washed with dilute sodium hydroxide (NaOH) 2 times, H20 6 times, then dried
(Na2S 0 4) and the solvent removed under vacuum.

The resulting red crystals were

dissolved in pentane, filtered and the solvent removed under vacuum. The resulting
deep red crystals were characterized by GC-MS (90-95% yield).
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DAB-Fc4 was synthesized by dissolving 1 equivalent of DAB-Am* and 4
equivalents of Et 3N in Ar-purged, dried (Na2S04) DCM. 4.8 equivalents of ferrocenoyl
chloride (1.2 equivalents per terminal 1° amine, 20% excess) in Ar-purged dried

O

QH

PC15
benzene

ferrocenecarboxylic acid

ferrocenoyl chloride

2.
o

\

(N H 2 )

dendrim er

DAB-Amx

ferrocenoyl chloride
DCM

Et-iN

N—I— 1 dendrim er

DAB-Fcx

Figure 3.12

Reaction scheme for the synthesis of DAB-Fc*, (*=4,8,16,32,64)
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(Na2S04) DCM was added dropwise to the DAB-Anu solution under Ar and allowed to
stir for 12 h. The reaction mixture was washed with NaHCC>3 2 times, sodium chloride
(NaCl) 2 times, H 2O 2 times, then dried (Na2S04), filtered, and recrystallized from
hexane. DAB-Fcx, CY=8,16,32,64) were synthesized by the same method with the ratio
of terminal 1° amines of the DAB-Am* remaining at 1:1.2. The resulting (DAB-Fc*,
X=4,8,16,32,64) were characterized by ‘H-NMR, 13C-NMR and MALDI-MS. The ‘HNMR and MADLI-MS analysis indicates 1° amine to ferrocene conversion at 100% for
X=4,8,16 and >90% for X=32,64.

DAB-Fc* are very prone to fragmentation; the

ferrocene groups are not stable for this mode of ionization/desorption mass
spectrometry. A distribution of fragments is observed, however the distribution is in the
mass range of dendrimers having a high degree of functionalization (e.g. 90%). Peaks
characteristic of incomplete functionalization at the amine termini (-214 m/z) are not
observed.
3.6
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Chapter 4
Model Diaminobutane (DAB) Dendrimer Systems for Studying Au Surface
Binding and End Group Proximity

4.1

Introduction
DAB

dendrimers

functionalized

with

butoxycarbonyl

(DAB-BOCx,

X=4,8,16,32,64) and ferrocene (DAB-Fcx, X=4,8,16,32,64) were used as model systems
to gain knowledge about the surface binding and end group location of the DAB(COCjPy)x, (X=3,5, F=32,64). Synthetic procedures used for these model dendrimers
were described in Chapter 3.

The purpose of this particular study is to obtain

information that may be useful in studies concerning the coupling of pyrrole end groups
on DAB dendrimers in solution and adsorbed to Au surfaces. In addition, this work will
also allow for an understanding of the modes of DAB dendrimer binding to Au
surfaces. The question of surface binding of DAB dendrimers through the 1° or 3° can
be answered.1"4

4.2

Hydrogen Bonding Study of the Terminal Functionalities on DAB-BOCx
and DAB-Fcx
In this investigation, the extent of hydrogen bonding in DAB-BOCx and DAB-

Fcx was studied as a function of dendrimer size. A point of controversy in the literature
is that as a dendrimer’s size increases and the number of terminal groups increases,
there is an increase in the crowding of the terminal groups (proximity).

In order to

demonstrate the effect of size on dendrimer periphery, a method that is commonly used
to study hydrogen bonding of protein amide groups was utilized.5'7 The extent of
hydrogen bonding between the terminal amide groups o f the dendrimer can be
qualitatively determined by monitoring the positions o f the Amide I and Amide II bands
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increases, a red shift in the Amide I band (vCsOamide) and a blue shift in the Amide II
band (roN-Hamide) is observed. This increase in hydrogen binding is attributed to an
increase in the proximity of the terminal groups.

DAB-BOCx and DAB-Fcx were

studied using this method for determination of end group proximity for dendrimers
dissolved in solution and adsorbed on Au surfaces.

4.3

Hydrogen Bonding of DAB-BOCx and DAB-Fc* in Solution
The magnitude of hydrogen bonding of DAB-BOCx and DAB-Fcx was studied

in solution as a function of dendrimer size. The dendrimer solutions were kept at a

0.1 AU
1716
1503
17J4VDAB-BOC,
uo
e

I 7oq y DAB-BOC,
1508

Urn

DAB-BOC

1702
r \

1509

DAB-BOC,

1800

1700

1600

1509

1500

1400
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Figure 4.1
Solution-phase infrared analysis of CCU solutions of DAB-BOCx
with an end group concentration of 40 mM for all generations and a path length of
50 um.
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Figure 4.2
Solution-phase infrared analysis of CCU solutions of DAB-Fc* with
an end group concentration of 40 mM for all generations and a path length of 50
fan. S=0.02 AU for DAB-FC4 and 0.001 AU for all others.

fixed end group concentration of 40 mM.

All studies were preformed in carbon

tetrachloride (CCU) to reduce solvent effects on the hydrogen bonding of the dendrimer
termini.

As observed in Figures 4.1 and 4.2, the Amide I band is found at lower

energies and the Amide II band at higher energies with increasing dendrimer size
(number of end groups) both for the DAB-BOCx and DAB-Fcx. These results point to
the fact that in general the end groups of the high-generation dendiimers are in closer
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Figure 4.3

Schematic of DAB-BOCi* in solution and adsorbed on a Au surface

proximity than those of the low-generation dendrimers. This observation is in accord
with other studies that demonstrate a “crowding” of the peripheral groups in DAB
dendrimers with increasing generation (number o f end groups).

As will be seen in

chapters 3 and 6, the phenomenon o f peripheral group crowding with increasing
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dendrimer size will prove useful for connecting together the end groups, as in the case
of pyrrole-terminated dendrimers.

Upon the oxidation of monomeric pyrrole at the

dendrimer periphery, the resulting radical cations will react immediately with each
other; if pyrrole radical cations are not in close proximity to each other degradation
products will result rather the oligo(pyrrole).8

In addition, this peripheral group

crowding will also prove beneficial for the encapsulation of guests within the dendrimer
core, Chapter 6.

4.4

Binding Mechanism of DAB-BOC* and DAB-Fc* Monolayers on Au
Adsorption of fully functionalized DAB dendrimers on Au occurs via binding of

the 3° amine sites to the Au surface. The 3° amine/Au interaction can be described as
covalent bond similar to that of a sulfur/Au bond; however, amines bond to Au in a
weaker fashion than sulfur due to their lower nucleophilicity.9 This 3° amine mode of
binding to Au surfaces was determined by demonstrating that fully BOC-derivatized
DAB-Am*, fully ferrocene-derivatized DAB-Am*, and fully pyrrole-derivatized DAB
(see Chapter 3) dendrimers all adsorb on Au. Because all of the 1° amines are no longer
available for binding (they are all amides), the dendrimers must bind to the Au through
the 3° amine sites (Figure 4.3). In the case of pyrrole-terminated dendrimers (Chapter
5), the lone pair of the terminal nitrogen is involved in the aromaticity of the pyrrole
ring, and therefore is unavailable for coordination to the Au.10 In order to rule out
pyrrole as the binding moiety, the interaction of similar pyrrole-containing compounds
with Au was studied using 1-hexylpyrrole and 1,2,3,4,5,6-hexapyrrolylbenzene. These
materials do not adsorb on Au as noted by RAIR spectra and electrochemistry o f Au
surfaces exposed to 0.5 mM solutions of these probes for 5 h.
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At this time, it is unknown how many o f the 3° amine sites of a given dendrimer
adsorbate actually participate in the binding to the Au. X-ray photoelectron
spectroscopy (XPS) would not be able to distinguish between the various nitrogen
atoms present on the surface due to the extremely small shifts in binding energy that
would result.

However, due to the fact the dendrimers adhere to Au better than

compounds with a single amine,11 it is likely that there are multiple Au/amine
interactions per dendrimer.

4.5

Hydrogen Bonding of DAB-BOC* and DAB-Fc* Monolayers on Au
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Figure 4.4
RAIR spectra of DAB-BOC* adsorbed on Au for 5h from DCM
solutions with an end group concentration of 0J mM.
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In order to demonstrate that peripheral group crowding occurs between the
termini of DAB dendrimers that have been adsorbed to a Au surface, RAIRS was
performed on DAB-BOCx/Au and DAB-Fcx/Au. Monolayers for RAIRS analysis of
DAB-BOCx (DAB-BOCx/Au) and DAB-Fcx (DAB-Fcx/Au) were formed on Au
surfaces by immersing the freshly prepared Au surfaces in DCM solutions of
dendrimers at a fixed concentration of end groups of the dendrimer. An adsorption time
of 5 h was used with a 0.5 mM end group concentration for all generations of DAB-Fcx
and DAB-BOCx monolayers discussed here. The resulting DAB-BOCx/Au and DABFcx/Au were rinsed thoroughly with DCM before reflection-absorbance infrared
(RAIR) analysis.
RAIR spectra of DAB-BOCx/Au (Figure 4.4) illustrate that there is an increase
in the degree of hydrogen bonding between peripheral/end groups when moving from
the smaller to the larger generations as indicated by a red shift in the Amide I band and
a blue shift in the Amide II band. This effect is due to the fact that the number of end
groups per dendrimer increases with dendrimer generation.

As the number of end

groups increases, the periphery of the DAB-BOCx becomes more crowded.

The

crowding of end groups results in more interactions between the termini, which
facilitates this increased hydrogen bonding.

Similar shifts in band position were

observed in the RAIR spectra of DAB-Fcx/Au. The trend of greater hydrogen bonding
with increasing dendrimer generation is observed; however, there is not a consistent
increase from one generation to the next (Figure 4.5).

One possible cause for the

sporadic results could be due to the size of the ferrocene end groups. The BOC groups
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is smaller than ferrocene, therefore, the amide portion of the end groups are able to pack
closer together and in a more uniform fashion about the dendrimer periphery.
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Figure 4.5
Graph of difference in Amide I and Amide II band frequency
(degree of hydrogen bonding) versus dendrimer generation for solution-phase and
surface-confined DAB-BOCx and DAB-Fc*.
A graphical representation of the peripheral crowding affect on the hydrogen
bonding of DAB-BOCx and DAB-Fcx is provided in Figure 4.5. To determine the
relative degree of hydrogen bonding, the frequency of the Amide I band was subtracted
from the frequency of the Amide II band. The difference in these two values is
indicative of the extent of hydrogen bonding. A large difference in the Amide I and
Amide Q bands points to a small degree of hydrogen bonding, while a small difference
in the Amide I and Amide Q bands is characteristic of a greater degree o f hydrogen
bonding.
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As seen in Figure 4.5, all samples have a greater degree of hydrogen bonding for
larger generations. For DAB-Fcx, both the surface-confined and solution-phase samples
show an increase in hydrogen bonding with generation. As mentioned previously the
data for DAB-Fcx/Au is sporadic but does show the same trend as that of the solutionphase sample. The DAB-BOCx have similar curves for the solution-phase and surfaceconfined samples. Figure 4.5 is a good vehicle for comparison of the hydrogen bonding
interactions in DAB-BOCx verses that of DAB-Fcx; however, only the trends o f the
solution-phase samples should be compared to the surface-confined samples.

This

contrary statement comes about because the environment of the Amides (solvent
etc.)plays a large role on their hydrogen bonding, therefore, the slope of the curves for
the samples in CCU should not be compared to those in air. Regardless, it is evident
that both DAB-BOCx and DAB-Fcx exhibit an increasing degree of hydrogen bonding
with increasing generation both in solution and adsorbed to Au surfaces.

4.6

Surface Reactivity of DAB-Ami6 Monolayers (DAB-AnWAu)
In order to study the binding mechanism (3° or 1“-amines) of DAB-AnW Au

dendrimers, DAB-Ami6 was functionalized with ferrocene groups before and after
adsorption to a Au surface. The ability for the 1° amines to react with molecules in
solution points to the fact that they are not involved with the binding process. The
DAB-Ami6 was reacted with ferrocenoyl chloride both in solution and while adsorbed
to an Au surface. Adsorption of fully functionalized DAB-Fci6 (as seen by MALDI and
'H-NMR) to the Au surface indicated that its mechanism for binding is via the 3°
amines, as discussed in Section 4.4.

Functionalization o f the DAB-Ami6 while
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adsorbed on the Au surface indicate that there are a large number o f terminal 1° amines
available for reaction with the ferrocenoyl chloride.
Cyclic voltammetry and RAIRS were used to analyze the ferrocene-dendrimer
monolayers that were functionalized before and after adsorption.

A graphical

representation of the surface reactivity of the DAB-Ami6 is provided in Figure 4.6. The
DAB-Ami6/Au was reacted with a 0.5 mM DCM solution of ferrocenoyl chloride for
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Figure 4.6
Graphical representation showing surface reactivity of DABAmit/Au adsorbed from 0.5 mM solutions for 5 h then exposed to a 0 .5 mM
solution of ferrocenoyl chloride in DCM. After reaction, the substrates were
rinsed with DCM and voltammograms were obtained in 0.1 M B114NBF4/DCM
with an Ag/Ag+ wire pseudo-reference electrode and Pt wire auxiliary. Scan rate
is 0.1 Vs*1.
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times up to 10 min. Anodic peak current (ip,) and cathodic peak current (ip) values for
the oxidation of surface confined ferrocene were plotted versus reaction time. The acid
chloride functionality of ferrocenoyl chloride is highly reactive and quite capable of
attaching to free 1° amine groups of DAB-AnW Au; as seen in Figure 4.6, the peak
currents associated with ferrocene oxidation begin to level off after about 5 min reaction
time and reach a maximum at 10 min reaction time. The cyclic voltammograms in
Figure 4.7. illustrate DAB-AnW Au reacted with ferrocenoyl chloride before and after

2.5 mA cm ' 1

Figure 4.7
Cyclic Voltammetry of DAB dendrimers: (A) functionalized before
adsorption (from 0.5 mM DCM solution (DAB-Fcu)), (B) unfunctionalized
(DAB-AnW, adsorbed from 0.5 mM DCM solution and (C) functionalized by
reacting DAB-AnWAu for 5 h in 0.5 mM DCM solution of ferrocenoyl chloride
after adsorption of DAB-Am u from 0.5 mM DCM solution. Voltammograms
were collected in in 0.1 M B114NBF4/DCM with an Ag/Ag+ wire pseudo-electrode
reference and Pt wire auxiliary. Scan rate is 0.1 V s'1.
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adsorption to the Au surface. The /pa and ipc values for the fully ferrocene derivatized
DAB-Ami6 are quite similar to that o f the DAB-Ami6/Au reacted with ferrocenolyl
chloride, indicating that there is roughly the same amount of ferrocene groups on the
surface. However, the increased double-layer capacitance for DAB-Ami6 reacted with
ferrocenolyl chloride indicates that the resulting layer is less capable of preventing
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Figure 4.8
RAIR spectra of DAB-Fcu functionalized before adsorption from 0.5 mM
DCM solution, unfunctionalized DAB-Amu adsorbed from 0.5 mM DCM solution and
DAB-Amu functionalized by reacting for 5 h in 0.5 mM DCM solution of ferrocenoyl
chloride after adsorption from 0.5 mM DAB-Amu DCM solution.
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access of ionic species to the electrode surface than the layer formed on Au by exposure
to fully-functionalized DAB-Fci6. These results could be the caused by DAB-Ami6/Au
forming a more close-packed monolayer than that of D A B -FW A u, resulting in more 1°
amines being present on the electrode surface. Increased surface coverage by 1° amine
terminated dendrimers is likely because 3° amine binding by functionalized dendrimers
induces stress on the dendrimer structure, and therefore, would be an unfavorable
process. If there is more DAB-AnW Au on the surface than DAB-Fci6/Au, the peak
intensities for the surface reaction product should be higher than that of the DABF c 16/ A u if all of the 1° amines of DAB-AnW Au are being functionalized. The fact that
the voltammograms for the two monolayers are so similar indicates that the surface
reaction is not complete. RAIR analysis was utilized to test this hypothesis.
RAIR specra of monolayers consisting of DAB-AnW Au, and DAB-AnWAu
functionalized with ferrocene before and after adsorption are shown in Figure 4.8. In
the RAIR spectrum for D A B -FW A u, only the Amide I and Amide II bands are
observed, indicating complete functionalization of the 1° amines with ferrocene groups.
IR bands representative of <5N-Hainide and 1° amine C-N stretching (vC-N) are observed
in the DAB-AnW Au spectra, which are characteristic of incompletely functionalized
DAB-Ami6.

The RAIR spectrum for the DAB-AnW Au reacted with ferrocenoyl

chloride contains Amide I and Amide II bands in addition to the 1° amine <5N-HamideThis data indicates that there are both functionalized and unfunctionalized 1° amine
termini in the surface-confined dendrimer layer, which corroborates the electrochemical
data. Both the RAIRS and electrochemical analyses indicate that the reaction of DABA nW A u with ferrocenoyl chloride in solution does not result in completely
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functionalized dendrimer monolayers (DAB-Fci6/Au). Therefore, if a DAB dendrimer
has its 1° amines blocked by a functionality, it will bind to a Au surface via the core 3°
amines, but if the dendrimer is terminated with 1° amines, the surface binding will take
place via these 1° amines as well.
4.7
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Chapter 5
Pyrrole-Terminated Dendrimers for the Formation of Oligomerizable Monolayers
and Adhesion Promotion of Poly(pyrrole) Films on Au Surfaces

5.1

Introduction
In this study, the formation of oligomerizable monolayers on Au of

poly(propylene imine) dendrimers with a diaminobutane (DAB) core and pyrrole
termini

(DAB-Py*,

X=4,8,16)

is

demonstrated.

Polymerizable/oligomerizable

monomer-containing alkanethiol monolayers have been extensively studied in this and
other groups;1'3 these monolayers have potential applications in areas such as surface
protection and molecular electronics.8 The literature available in this area is extensive
and provides much fundamental information. The impetus of the work presented here is
to gain knowledge about newly developed oligomerizable dendrimers from well-known
concepts such as monolayers on electrode surfaces and electropolymerization of
pyrrole.9,10 Utilization o f this knowledge can hopefully lead to the oligomerization of
pyrrole-terminated dendrimers in solution and the encapsulation of guests within these
peripherally oligomerized hosts.
In the case of DAB-Pyi6, adsorption on Au (DAB-Pyx/Au) leads to a dendrimer
structure wherein the pyrrole termini are sufficiently close to each other that
electrooxidation of the surface-confined pyrroles in non-aqueous electrolyte yields a
dendrimer

monolayer

oligo(pyrroles).11

containing

This confirms

intramolecularly

(intradendrimer)

that pyrrole-terminated

dendrimers

coupled
can

be

oligomerized and possibly used for various applications in solution, as well as on
electrode surfaces. One such surface application is exemplified by the observation that
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poly(l-methylpyrrole) films electrodeposited onto DAB-Pyx/Au are more adherent to
the Au substrate and are topographically smoother than poly(l-methylpyrrole)
deposited onto bare Au or Au surfaces coated with /-butoxycarbonyl-protected DAB
dendrimers (DAB-BOC 16).

5.2

Electrochemical Oligomerization of DAB-Pyx (A=4,8,16) Monolayers on Au
Surfaces

D A B -Py4

D AB-Py

CN

+ 1.6V

D AB-Py

+ 1.2V

+ 0.8V

+0.4V

0V

E vs. Ag/Ag*
Figure 5.1
Cyclic voltammetry of DAB-Pyx/Au in 0.1 M B114NBF4/DCM
with an Ag/Ag+ wire pseudo-electrode reference and Pt wire auxiliary for
DAB-Pyx monolayers on Au wire electrodes were formed by adsorption from
0.5 mM dendrimer/DCM solutions for 5 h. Scan rate is 0.1 V s'1.

Exposure of clean Au surfaces to DAB dendrimer solutions results in the
formation of monolayers on the Au surface.12’13 An extensive investigation of DAB
dendrimer monolayers is presented in Chapter 4. The work here illustrates that DAB
dendrimers having pyrrole termini (DAB-Pyx, X=4,8,16) form stable monolayers on Au

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

surfaces. Their stability was tested by immersing DAB-Pyi6/Au in 2 M HCL for 12 h.
Because the dendrimer amines are binding to the Au with their lone pair electrons,
protonation of these amines with a strong acid should break the bond to the Au as the
quaternary ammonium ion is formed.

By monitoring the methylene C-H stretch,

reflection-absorption infrared spectroscopic (RAIRS) analysis indicates that there was
no significant loss of material from the Au surface.
Electrochemical oxidation of Au surfaces exposed to solutions of the various
generation

pyrrole-terminated dendrimers (DAB-Pyx, *=4,8,16)

voltammograms in Figure S.l.

results

in the

In all cases, there is a peak at -+ 0.7 V that can be

attributed to oxidation of 3° amine sites; this is confirmed by voltammetry of the DABAmi6 monolayers on Au electrodes as well as DAB-Amt6 in solution, as in Figure S.2.

O -L

B.

I

+ 1.6V

+1.2V

+0.8V

+0.4V

OV

E vs. Ag/Ag*
Figure 5.2 Cyclic voltanunetry of DAB-Amu in 0.1 M B114NBF4/DCM
with an Ag/Ag+ wire pseudo-electrode reference and Pt wire auxiliary. (A)
DAB-Pylt monolayers on Au wire electrodes adsorbed from 0.5 mM
dendrimer/DCM solution for 5 h. (B) Solution of 0.1 mM DAB-Amu using
a glassy carbon electrode. Scan rate is 0.1 V s’1.
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A glassy carbon electrode was used to prevent the compounds from adsorbing to the
electrode surface for the solution-phase voltammetry.

The shift in the oxidation

potentials observed for DAB-Ami6/Au verses DAB-Ami6 in solution can be attributed
to the fact that more current is required to oxidize species in solution which are farther
from the electrode surface than the monolayer species. The varying distances of the
DAB-Am i6 from the electrode surface causes the solution-phase oxidation peak to be
broader than the DAB-AnW Au. At this time we cannot identify the resulting product
from the oxidation process that occurs at +0.7 V. Nor can we say what fraction of the 3
0 amine sites is oxidized in the layer or which sites are oxidized (bound to Au or not).
However, RAIR spectra do not indicate significant changes in the surface coverage or
structure of the dendrimer (band intensities, band positions).
The potential of the DAB-Pyx/Au samples was cycled from 0.0 V to +1.5 V, or
0.0 V t o +1.6 V, vs. Ag/Ag+ and then back to 0.0 V before further evaluation. All of the
DAB-Pyx/Au (X=4,8,16) exhibited a broad, chemically irreversible oxidation peak, £ p,ox
= +1.1 V, on the first anodic scan, indicative of pyrrole radical cation formation and
subsequent follow-up reactions (Figure 5.1).14,15 After the first potential excursion, only
in the case of DAB-Pyi6/Au (ox-DAB-Pyi6/Au) was there observed any voltammetric
peaks in subsequent scans; a set of voltammetric peaks centered at +0.94 V was noted.
The potential of the voltammetric peaks for at-DAB-Pyi(j/Au (+0.94 V) is near that of
oligo(l-methylpyrroles) with between three and six pyrrole repeats;16 thus, we attribute
the voltammetric waves at +0.94 V to the oxidation and reduction of oligomeric
pyrroles on the Au surface (Figure 5.3).
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0 V to +1.6 V
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Au Substrate
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0 V to +1.6 V

A u Substrate

Figure 5.3
Schematic of Electrooxidation of DAB-Py^/Au and reduction of
ox-DAB-Pyn/Au.
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Figure 5.4

RAIR spectra of Electrooxidized DAB-Pyi*/Au.

Only in the case of o:c-DAB-Pyi6/Au are there observed any voltammetric
signals (Epox = +0.94) that can be attributed to oligomeric pyrroles on the surface.
Evidently, the pyrrole monomers of the DAB-Py,*,g/Au are not close enough to couple
together; this corroborates the data in Section 4.5 where higher generation dendrimers
were shown to have end groups that were closer to each other. The oxidation potential
of oligo(pyrrole)s lowers with increasing length of the oligomer; therefore, due to the
breadth of the wave at +0.94 V, several lengths o f oligo(pyrroles) are most likely
present on the surface. The waves centered at +0.94 V are persistent but do decrease in
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magnitude with increased scan number, most likely due to reaction of oxidized
oligomers with nucleophiles present in the DCM/electrolyte.

Although all of the

electrochemistry was performed in a well-maintained Ar-filled glove box, there are still
trace amounts of water present.15
To provide further proof that the ojc-DAB-Pyui/Au surfaces are composed of
intramolecularly oligomerized pyrrole dendrimers and to assess the average number of
monomer repeats in the oligomers, an spectroscopic end-group analysis method17,18 was
implemented. This method has previously been used by this group to identify the repeat
length of oligo(pyrroles) on surfaces.15

The methodology involves evaluating the

position and intensity of the infrared-active C -H out-of-plane deformation bands of the
pyrrole ring. More specifically, the oligomer length can be estimated by comparing the
intensity of the monomer or “tail” band (T-mode) at roughly 720 cm '1 to that of the
oligomer “backbone” band (fl-mode) which appears at 800 cm*1 for dimers and at lower
energies with increasing oligomer repeat length. For example, bipyrroles exhibit a band
at ~800 cm*1, whereas bands near 765-750 cm*1are characteristic of long oligo(pyrrole)s
and

poly(pyrrole)s.13,14

Two

separate

DAB-Pyi6/Au

samples

were

each

electrochemically oxidized by scanning the potential from 0 V to either +1.5 V or +1.6
V vs. Ag/Ag+ and then back to 0 V. The spectra of both of these ojt-DAB-Pyi6/Au
samples, Figure 5.4, exhibit bands in the 765 cm*1 to 750 cm*1 range, indicating the
presence of intradendrimer-coupled21 oligo(pyrroles) containing an average of roughly
seven monomer repeats. However, the presence of the band at 800 cm-1 points to the
fact that there are also some dimeric pyrroles present on the surface, although their
number is smaller for the sample that was scanned to +1.6 V, as judged by the band
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intensities. This decrease in the amount of dimeric pyrrole species for the sample that
had applied to it a larger oxidation potential is presumably the result of the larger
electrolysis time experienced by the surface-confined pyrroles, resulting in the
A.
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300
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a r e a ) , D . D A B - P y u (1 5

2 2 fan s c a n a r e a ) , C .
fan x 2 2 fan s c a n a r e a ) .
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A.

Figure 5.6
SEM images of poly(l-methylpyrrole) electrochemically
deposited onto DAB-Pyu/Au and DAB-BOCu/Au formed by immersing Au
substrates in 0.5 mM dendrimer/CHiCh solutions for 5 h. A. DAB-Pyu (200
fan x 300 fan scan area), B. DAB-Pyu (15 fan x 2 2 fan scan area).
comsumption of dimers to yield the longer oligo(pyrroles).15

A cartoon

depicting one of the many possible structures of the surface-confined oligomers is
shown in Figure 5.3.
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It should be noted that the surface-confined pyrrole monomers are extremely air
sensitive. This observation holds true for a>-(A/-pyrrolyl)alkanethiol monolayers15 as
well as DAB-Pyx monolayers11. To obtain pristine (non-oxidized) spectra, the DABPyx monolayers on Au were adsorbed in an Ar-filled glove box and transferred in sealed
containers to the IR sample chamber, which was confined within an Ar-filled glove bag.
Exposure to ambient air results in immediate oxidation of the pristine DAB-Pyx/Au.
The ox-DAB-Pyx/Au were handled in the same fashion; however, RAIR analysis
indicates that they were stable for ambient air exposure times of -1 h.

S3

Adhesion Promotion of Poly(pyrrole) Filins to Gold Surfaces
Thin films of poly(l-methylpyrrole) were electrochemically deposited onto

DAB-Pyi6/Au surfaces in order to probe the effect of the layer on the morphology of the
polymer films and the ability of such modified surfaces to promote adhesion of poly(lmethylpyrrole) films to Au substrates. DAB-Pyi6/Au, DAB-BOC|6/Au, and bare Au
substrates were used for this comparison study. After electrodeposition of the polymer
films, the surfaces were rinsed with DCM. The polymer films deposited on bare Au
were completely removed upon rinsing with DCM, preventing further evaluation.
Although the films grown on DAB-Pyi6/Au were extremely scratch resistant, they were
partially removed (25% at most) upon repeated (10 times) application/removal of
Scotch tape.19 However, in all cases, the polymer films deposited on DAB-BOCi^/Au
were not at all scratch resistant and were completely removed by the tape.
Scanning electron microscopy (SEM) images, Figure 5.5, 5.6, indicate that the
morphology of the poly(l-methylpyrrole) films on the DAB-Pyi6/Au substrates is
greatly improved when compared to that o f the films on DAB-BCXWAu. These results

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

indicate that the DAB-Pyi6/Au surfaces act as effective promoters of polymer
nucleation and growth, similar to the results observed for n>-(/V-pyiTolyl)alkanethiol
monolayers on A u.19,20 However, the synthesis of the dendrimer-based, adhesionpromotion layers21 is considerably easier than that of the o>(N-pyrrolyl)alkanethiols. In
addition, it will be possible to improve the adhesion of poly(pyrrole) films to other
substrates such as silica,22,23 military textiles,24 and high temperature superconductors23
or other ceramics.

5.4
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Chapter 6

Encapsulation and Release of Guest Molecules using Oligomerizable PyrroleTerminated Dendrimers (PTDs)

6.1

Introduction
This work demonstrates the use of PTDs for the oxidation-state-dependant

encapsulation/release of various guest molecules.

The system used for this

accomplishment was synthesized by first converting the 1° amine of an amino acid to a
pyrrole

ring,

and

then

attaching

the

resulting

“pyrrole

acid”

(at-N-

pyrrolyl(alkane)carboxyic acid) to a dendrimer using a standard peptide coupling
reaction (amide bond).

This procedure results in diaminobutane (DAB) dendrimers

having monomeric pyrrole groups at the termini (DAB-(COC*Py)32 . X=3,5) of their
branches, the pyrroles of DAB-(COC*Py)32 were chemically oxidized to give a
dendrimer with an oligo(pyrrole) exterior (oligo-D A B -(COCxPy)32 )• As mentioned
previously, the larger DAB dendrimers have void spaces encompassed by their crowded
exterior. These void spaces are capable of holding small guest molecules (200-1500
amu) either by ionic complexation or simply a preference of the molecule for the
dendrimer core compared to that of the surrounding solvent (hydrophobic/hydrophilic
interactions). It is not the mere existence of an oligomeric periphery that facilitates
retention of the guests inside PTDs; the guests are physically trapped as a consequence
of changes induced on the dendrimer structure by switching the oxidation state of the
oiigo(pyrrole) periphery.

As found in preliminary molecular modeling studies, the

o/igo-DAB-(COCxPy ) 3 2 in the oxidized state has a more dense periphery and larger
cavity volumes than when in the reduced state.

It is this redox-induced structural

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

alteration that directs the retention or liberation o f guest molecules from the oligo-DAB-

(COC*Py)32.
6.2

Encapsulation of Guest Molecules Using PTDs
The first step toward the retention of guests within the PTD core is

determination of the ability for such guests to partition from solution to the interior of
the dendrimer structure. In order to study this partitioning guests were chosen that
exhibit some spectroscopic shift upon interaction with the PTD. This shift can provide
information on the process of guest inclusion, and in addition an estimate of the number
of guests contained within the PTD.

6.2.1

Pyrene Inclusion within the PTD Core
The fluorescence properties of pyrene were used as an indicator of the ability of

a hydrophobic guest to partition from an aqueous solution to the PTD core.M

An

aqueous solution (18 M &cm*1 nanopure water)saturated with pyrene was analyzed by
fluorescence spectroscopy before and after the addition of DAB-(COC 3 Py )3 2 (a final
concentration of 10 fjM ). As seen in Figure 6.1, the pyrene fluorescence signal for the
solution containing DAB-(COC 3 Py )3 2 is enhanced compared to that of the solution with
pyrene alone. Pyrene is a hydrophobic dye, which has a fluorescence signal that is
subsequently quenched in aqueous solutions. The increase in signal upon addition of
DAB-(COC 3 Py ) 3 2 indicates that the pyrene was partitioned into the dendrimer core,
which is less polar than the aqueous surrounding. This partitioning into the lipophilic
dendrimer core from a polar aqueous solution would be expected for such a
hydrophobic dye as pyrene.
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An estimation of the polarity of pyrene’s surrounding environment can be
obtained from its fluorescence spectrum. The fluorescence spectrum of pyrene is the
convolution of five peaks; the ratio of the first and third peak ( I 1/I 3 ) provides a “polarity
index”.5,6 The numerical value of the polarity index is inversely proportional to the
polarity of pyrene environment.

A polarity index of 0.630 was obtained for the

B.

I(/I3 Polarity Index

200000-

W ater =0.630
PTD =1.11

s. 160000-

IPA

•S» 120000-

=1.10

10 |iM DAB-(COC3Py)12, not oxidized
(pyrene only)

80000-

40000

400

500
450
W avelength (nm)

550

600

Figure 6.1
A) Structure of pyrene. B) Fluorescence spectra of pyrene
saturated water with and without 10 /jM DAB-(COC3Py)32«
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pyrene/water solution; upon addition of the DAB-(COC 3 Py)32 > the polarity index
changed to 1.11. For comparison, isopropyl alcohol (IPA) has an index of 1.11.6 The
change in polarity index induced by the addition of DAB-(COC 3 Py )3 2 to the
pyrene/water indicates that the pyrene has moved to an environment that is less polar
than water. This increase of the polarity index value points to the fact that the pyrene is
somewhat shielded from the polar aqueous surrounding as a result of its being inside the
PTD.
The observed partitioning of pyrene into the interior of D A IH C O Q P y b i from
aqueous solution complements data found in the literature concerning the use of
dendrimers to aid in solublizing organic materials.7,8 It has been shown that dendrimers
can increase the solubility of hydrophobic molecules in water as guests within their
interior structure. In particular, Frechet has shown that pyrene solublization increased
by a factor of 120 in the presence of a poly(benzylether) dendrimer.8 The main goal of
these studies is that this methodology may alternately be applied to the transport of
lipophilic drugs through the blood stream.

6.2.2

Rose Bengal Complexation within the PTD Core
The anionic dye Rose Bengal (<pH 5.5) exhibits a shift in its Amax upon

complexation with the cationic core of protonated dendrimers.9,10 It has been shown
that the 3° amines of DAB dendrimers are protonated below pH 8. We have shown that
DAB-(COC 3 Py >32 is soluble at pH values below 8, pointing to protonation of 3° amines
of the dendrimer core.

We took advantage o f this spectroscopic property o f Rose

Bengal to study Rose Bengal/PTD interactions.

Solutions for ultraviolet-visible

spectroscopy (UV-Vis) analysis were made by varying the ratios of DAB-(COC 3 Py )3 2 to
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Rose Bengal. All UV-Vis analysis was performed at pH 7 in 10 mM phosphate buffer.
As seen in Figure 6.2, the spectrum of 1 fiM Rose Bengal with no PTD present
displayes a Amax of 549 nm, which is indicative of the free dye. Upon addition o f DAB(COC 3 Py )3 2 (PTD concentration 1 /tM, 1:1 Rose BengakPTD), the A™* is observed at
575 nm pointing to the fact that all of the dye is complexed to the dendrimer.

The Amax

is observed to remain at 575 nm for Rose Bengal to PTD ratios of 2:1 and 3:1. At a
ratio of 4:1 the Amax has shifted 4 nm to the blue indicating that a small portion of the
Rose Bengal is not complexed to the PTD. When the dye to PTD ratio is 10:1, the Amax
is 564 nm, almost to the midway point between the peak positions representing
completely complexed and uncompiexed dye.

At ratios of 20:1 and 30:1, the Amax

values indicate that only a small portion of the dye is complexed to the dendrimer. It
can be assumed that the protonated interior 3° amines of the dendrimer are the sites of
Rose Bengal complexation because of the lack of other ionizable groups in the DAB(COC 3 Py )3 2 at the solution pH of this study."

This data indicates that DAB-

(COCjPy )3 2 is capable of hosting about 4 anionic guests within its cationic core.
The complexation of anionic guests within dendrimers for drug delivery
applications has been a topic of great interest over the past 7 years. The use of anionig
guest/dendrimer material as delivery vehicles of oligonucleotides12' 14 and small anionic
drugs.13 Here we have demonstrated the ability to complex 3-4 anionic hydrophobic
Rose Bengal dye molecules to the interior of DAB-(COC 3 Py)32 .

However, this

complexation is dynamic in nature and may be triggered by changes in the pH, ionic
strength, etc. leading to non-specific release.
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Figure 6.2
A) Structure of Rose Bengal. B) UV-Vis Spectra of Rose Bengal
complexed by DAB-(COCjPy)32. The DAB-(COCjPy)32 concentration was
maintained at 1 uM in 10 mM nhosnhate buffer at dH 7 for all samnles.
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6.3

Peripheral Oligomerization of Pyrrole Functionalities
Terminated Dendrimers (PTDs) by Chemical Oxidation

in

Pyrrole*

To utilize the actuator properties of oligo(pyrroles) for containment/release of
guests in/from dendrimers, the monomeric termini of DAB-(COC*Py )3 2 must be first
connected to form oligomeric moieties at the periphery of the PTDs (oligo-DAB(COC*Py)3 2 ). In order to achieve intramolecular oligomerization of the pyrrole termini,
we have chosen the use of chemical oxidants rather than by electrochemical methods.
Chemical oxidation allows for the oligomerization reactions to be performed in solution
rather than on or at electrode surfaces; this route allows for more versitility in the
reaction conditions and facilitates the encapsulation of guest molecules dissolved in the
same solution as the PTD. Infrared (IR) spectroscopy end group analysis similar to that
in Chapter S, was used to provide evidence of the success of the oligomerization
reaction.

6.3.1

Peripheral Oligomerization of PTDs in Chloroform
Use of Iron(IlI) Chloride Oxidant

( C H C I 3)

Through the

PTDs dissolved in organic solvents are capable of being intramolecularly
oligomerized using FeCb. DAB-(COC 3 Py )3 2 and DAB-(COCsPy )3 2 were oligomerizad
by chemical oxidation of their monomeric pyrrole termini.

The oligomerization

reactions were performed at PTD concentrations of 10 /iM to avoid dendrimer
aggregation; thus minimizing the inter-dendrimer connections. Light scattering studies
support the lack of dendrimer aggregation. An oxidant to pyrrole ratio of 10:1 was used
in the oligomerization studies.
Evaluation of the IR spectra of the oxidized PTD indicates that oxidation of the
DAB-(COC 3 ,sPy)3 2 results in oligomerization o f the pyrrole monomers about the
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Figure 6 3
IR spectra of DAB-(COCsPy>32 before and after oxidative
oligomerization with FeCb in CHClj. The sample was a capillary film (NaCl)
before oxidation and KBr pellet after oxidation. The oligomeric sample was
reduced with methanol before analysis.
periphery of the PTD.

The end group analysis method described in Section 2.3 was

used to confirm connectivity between the pyrrole monomers.1617 As seen in Figure 6.3,
the spectrum of DAB-(COCsPy >32 before oxidation is characteristic of the dendrimer
being terminated by monomeric pyrrole groups. In particular, the lack of bands at 795
cm-1 and 765-780 cm '1 supports the presence of only monomer. Furthermore,
observation of the 725 cm-1 “tail band” (T) and the more intense T-band at 1091 cm '1
(versus the “backbone” (B) band at 1060 cm '1) supports the supports the presence of
only monomers.
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Figure 6.4
IR spectra of DAB-(COC3Py>32 before and after oxidative
oligomerization with FeCb in C H C I 3. The sample was a capillary film (NaCI)
before oxidation and KBr pellet after oxidation. The oligomeric sample was
reduced with methanol before analysis.

The IR spectrum of DAB-(COCsPy )3 2 after oxidation (o/jgo-DAB-fCOCsPyta)
is characteristic of a DAB dendrimer having an oligo(pyrrole) exterior. The out-ofplane C-H deformation T-band at 725 cm '1 has been replaced by a B-band at 740 cm '1,
and the in-plane C-H deformation B-band at 1055 cm-1 is less intense than the T-band at
1088 cm '1 for the PTD that has been exposed to FeCh oxidant. The IR spectra of DAB(COC 3Py >32 before and after oxidation (Figure 6.4) are nearly identical to those for
DAB-(COC5Py)32 , indicating that the 2-carbon difference in the chain length to the
pyrroles has little affect on the oligomerization.
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This IR method for differentiating between monomeric and oligomeric pyrroles
is not meant to provide an exact determination of oligomer length; however, it does
allow for a qualitative estimation. Because dimeric pyrroles are readily recognizable by
a band at 800-795 cm '1, we can rule out their presence in the o/igo-PTDs analyzed here.
The IR spectra of pyrrole trimers are characterized by the presence of in-plane B and 7bands equal in intensity. Oligo(pyrroles) with at least 7 repeat units exhibit IR spectra
having no observable out-of-plane 7-band at 725 cm '1. From the results presented here,
it can be estimated that there is a distribution of oligo(pyrroles) circumfusing the
dendrimer periphery. A minimum of 4 monomeric units can be estimated for the length
of the oligo(pyrroles).

6.3.2

Peripheral Oligomerization of PTDs in Water Through the Use of Iron(III)
Nitrate Oxidant
Future use of the PTD trap and release system in biological applications requires

compatibility with aqueous conditions. Release of guest molecules is to be performed
in aqueous systems; guest encapsulation, thus oligomerization, in water simplifies the
preparation of the host/guest composite.

Oxidative oligomerization performed with

iron(m ) nitrate nonahydrate, Fe(N 0 3 > 3 • 9 H 2 O, was found to be more affective than
aqueous FeCh.
In Figure 6.5 are shown IR spectra supporting the oligomerization of DAB(COC 3Py >32 in pH 2 water with Fe(N 0 3 > 3 as the oxidant. The IR spectrum of the PTD
before oxidation is characteristic of DAB-(COC 3Py)32 having a monomeric pyrrole
exterior. Upon oxidation the 7-band at 724 cm '1 is virtually unobservable, and peaks at
795 cm '1and 733 cm '1 appear pointing to the presence of dimers and oligomers (n=2-6)

102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

respectively.

The intensity of the T and fi-bands in the region of in-plane C-H

deformation for the pyrrole ring (1087-1018 cm '1) indicate the presence of trimers or
tetramers.

Overall, the data supports the presence of oligo(pyrroles) containing 2-6

monomer repeat units. The IR data for DAB-(COCsPy )3 2 oxidized with Fe(N 0 3 ) 3 in
nearly identical to that for the DAB-(COC 3Py)3 2 , which indicates that the solvent and
oxidizing agent evidently have more influence on the oligomerization reaction than the
length of the tether between the pyrrole groups and the dendrimer.

CN
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Figure 6.5 IR spectra of DAB-(COC3Py>32 before and after oxidative
oligomerization with Fe(NOj)j in pH 2 HCI. The sample was a capillary film
(NaCl) before oxidation and KBr pellet after oxidation. The oligomeric sample
was reduced with methanol before analysis.
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6.4

Molecular Modeling of DAB-fCOCsPy}^
Guest retention within the PTDs is to be facilitated by an increase in the steric

crowding at the dendrimer periphery; this physical barrier is intended to obstruct
diffusion of guests from within the dendrimer core. In the oxidized polaronic state, the
monomer units of oligo(pyrrole) are linked by double bonds which limit the rotation of
the rings, resulting in a planar structure (Figure 6.6). The pyrroles are linked to the

Oxidized
Core

Core

Reduction
I

Reduced

Core

"Side View"

Core

Figure 6 .6
Schematic illustration of oxidized and reduced structures of
oligo(pyrrole) tethered to dendrimer branches.
dendrimer at the pyrrole JV-position and these positions are alternating in the
oligo(pyrrole) structure.

The double bonds coupling the monomers o f oxidized

oligo(pyrrole) direct the structure to the alternating confirmation. This property should
affect the oligo(pyrrole) moieties attached to a PTD by preventing their extension
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outward firora the dendritner. The resulting orientation o f this planar oxidized structure
would be perpendicular to the alkyl chains tethering the pyrroles to the dendrimer and
parallel to the dendrimer circumference. Reduction o f the oligo(pyrrole) results in a
structure having monomeric units joined by single bonds about which the pyrroles are
free to rotate.

Unlike the oxidized oligomer, having double bonds connecting the

monomers, the tether to the dendrimer would primarily direct the rotation of monomers
about the oligomer backbone. This results in a more relaxed structure allowing the
pyrroles to extend away from the dendrimer. Extension of the oligo(pyrrole) moieties
in the outward direction reduces the steric barrier regulating diffusion o f guests from the
PTD core. This reduction facilitates the liberation of guests trapped by the physical
barrier of otigo(pyrrole) in the oxidized state.
Molecular modeling studies were performed to investigate the effect of
oligo(pyrrole) oxidation state on the ability of PTDs to encapsulate guests. Although
the oligo(pyrroles) moieties about the periphery of o//go-DAB-(COCsPy )32 are not
monodisperse, a length of 4 monomers repeats, was used in this study to simplify the
modeling protocol. Only half of the PTD was used for the model study in order better
visualize the affects of changing the redox states of the oligomer. Three-dimensional
images of large dendrimers are complex making identification of the smaller features
difficult.
As seen in Figure 6.7(top), the oligo(pyrroles) (dark color) in the oxidized state
exhibit a planar structure; this structure not only crowds the periphery but it also
changes the interior structure of the PTD.

The pyrrole groups are attached to the

dendrimer branches at the iV-position and the planar structure of oxidized oligo(pyrrole)
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forces the dendrimer branches in opposing directions. This effect evidently induces a
stress on the dendrimer structure resulting in the formation of cavities within its core.
Thus, the modeling supports that guest molecules will be physically trapped inside the

o l/g o-D A B - ( C O C j P y ) 32, O x i d i z e d
C av i ty V o l u m e = 2 7 5 A 5

0 / i g o - D A B - ( C O C , P y ) , :, R e d u c e d
C a v i ty V o l u m e = 7 0 A ’

Figure 6.7 Molecular model of half of o%o-DAB-(COC5Py)32 in the oxidized
and reduced form. Connolly channel shown in center (dark color).
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PTDs by a combination of inclusion within these void spaces and the increased
crowding at the dendrimer periphery.
From Figure 6.7 (bottom), it is seen that upon reduction, the oligo(pyrrole)
moieties of the o/i'go-DAB-(COCsPy) 3 2 change their conformation allowing the
dendrimer structure to adopt a more relaxed form. Because the monomeric units of
reduced oligo(pyrrole) are joined by single bonds, the dendrimer branches are able to
conform to position that imparts much less stress on the overall dendrimer structure.
The calculated values for the cavity volume of o/jgo-DAB-CCOCsPy^ decreases from
275

A3to 70 A3upon reduction.

The structure of modeled o/Zgo-DAB-fCOCsPy^ in

the reduced state suggests that a smaller interior cavity imparts less influence on the
diffusion of guest molecules from the core to the surrounding media should result in a
more rapid release than from the oxidized structure.

6.5

Nile Red Encapsulation and Timed Release of Guests from PTDs

6.5.1

Summary
The PTD system described in this work was designed to encapsulate guest

molecules; release of the guests was accomplished by changing the oxidation state of
the PTD host. Figure 6.8 summarizes the proposed process o f guest encapsulation and
release using PTDs. The Nile Red guest was partitioned (dynamically trapped) into the
core of PTDs followed by removal of the excess (not trapped) guest. Release from
three forms of the PTD/Nile Red composite were investigated.

PTDs having a

monomeric periphery were compared to oligomerized PTDs in both the oxidized and
reduced states.
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Pyrrole-Terminated Dendrimer (FTP)
Monomer-Capped Dendrimer
Free Guest
Dynamically Trapped
Guest Molecule

Oxidative
Monomer
Coupling
Removal of
Excess Guest

Oligomerized PTD (Oxidized)
Oxidized Oligomer Shell
Trapped
Guest Molecules

Large Volume
Hydrophobic Cages

Redox Agent

Oligomerized PTD (Reduced)
Reduced Oligomer Shell
Free Guest
Small Volume
Hydrophobic Cages

Figure 6 .8

Schematic for encapsulation and release process using PTDs.
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6.5.2 Trapping and Release Studies of Nile Red Guest
The method for monitoring the guest loss from the various forms of the PTDs is
shown in Figure 6.9. All guest/host composites were treated accordingly (oxidized or
untreated) and dialyzed to monitor the guest release from PTDs. During the dialysis
procedure, the large PTDs were retained within the membrane (the retentate), which
allows the smaller guests to escape (the dialysate) and be separated (Figure 6.9). Guest
molecules that are encapsulated within the PTDs are not allowed to pass through the

Retentate

Dialysate

Guests
A

PTD Host/Guest Composite
Porous Dialysis Membrane
Figure 6.9
Schematic depiction of dialysis membrane illustrating retention of
PTD hosts and passage of guest molecules.
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membrane (the retentate).

The retained host/guest composite is then analyzed to

determine the amount of guest remaining.
Dialysis conditions play a large role in release studies of the guest/host
composite. It was found that Fe(N 0 3 ) 3 forms aggregates at pH 7; these aggregates do
not escape from the dialysis membrane.

Although the presence of the aggregate

particles was found to have no affect on guest release, the pH of the dialysis was
performed at 2 to prevent iron hydroxide formation, and thus prevent aggregation.
Using a pH of 2 has no significant effect on the absorbance signal of Nile Red. Nile
Red being a fluorescent dye has potential to undergo photodegredation. It was observed
that a 10 /iM solution in pH 2 HCl/acetone photodegrades by about 60% when placed
on the benchtop; however, when kept in the dark Nile Red solutions did not degrade by
any detectable amount. Therefore, all dialysis was performed in the absence of light
and samples removed from the dialysis vessel were kept in the dark next to the vessel.
Fe(N 0 3 > 3 oxidation of Nile Red with a 20:1 oxidant to dye ratio (much higher than the
trapping procedure) resulted in a decrease in the absorbance signal by <10%. In order to
reduce these effects on the determination of guest release, the release was reported as
percent loss from the PTD host verses time.
The dye Nile Red, illustrated in Figure 6.10, was used for spectroscopic
investigation of the encapsulation and release properties of PTDs. In this work it was
demonstrated that both pristine DAB-(COCsPy )3 2 and pristine DAB-(COC 3Py )3 2 are
effective at solublizing Nile Red in aqueous solution and dynamically trapping Nile
Red. UV-Vis analysis indicates that the Nile Red loading level for DAB-(COCsPy )32
and DAB-(COC 3Py )3 2 is 2.10 guests/host and 1.16 guests/host respectively.
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The

Figure 6.10

Structure of Nile Red

dendritic molecular hosts appear to trap guests in an integral fashion as the values
appear to hover around 1 or 2 guests per host.

A greater guest capacity for DAB-

(COCsPy )32 is expected because the longer alkyl chains tethering the pyrroles to the
dendrimer give rise to a larger lipophilic region. This larger lipophilic region facilitates
the inclusion of more of the hydrophobic Nile Red guest.
It is noteworthy to comment on the increased solubility of Nile Red in the
presence of the two PTDs. At pH 2 Nile Red is a neutral hydrophobic dye with minimal
solubility in water (-0.12 /tM ).18 Solublization in water by removal of the acetone from
an acetone/water mixture using 1 /iM DAB-(COCsPy )3 2 results in a Nile Red
concentration of 2.0 /jM, whereas the same extraction procedure with no PTD present
results in a Nile Red concentration o f 0.12 /iM.
Although DAB-(COCsPy )3 2 structure contains cationic 3° amines (polar), the
aqueous soliblization of hydrophobic Nile Red proved successful.

However, This

protonation is necessary for the PTD to be soluble in water. DAB-(COCsPy)3 2 exhibits
a hosting efficiency (total guest mass/host mass) of 7%, which is similar to a 10%
hosting efficiency of observed for a dendrimer system designed by Frechet19 that has no
mechanical component to trigger release of dynamically trapped guest. Because of the
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improved hosting efficiency of Nile Red, DAB-(COCsPy >32 will be used for all
subsequent studies in this section.
The guest/host composites (Nile Red in PTD) in the pristine PTD form and the
oligo-FTD form were placed separately in the dialysis apparatus so that the effect of the
oligomeric periphery on the release of the Nile Red Guest could be monitored. The
encapsulation properties of the planar, oxidized o/igo-PTD and the neutral reduced
oligo-FTD were also evaluated. The retentate in the dialysis bag was monitored with
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•
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Oligomeric Periphery (Oxidized)
Monomeric Periphery
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60%

£
1
o

40%

20%
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10

Dialysis Time (hours)

Figure 6.11 Graph illustrating the loss of Nile Red from DAB-(COCsPy)32
having a monomeric periphery and an oligomerized periphery in the oxidized state
as determined by UV-Vis analysis of host/guest composite after various dialysis
times (pH 2 HCI).
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UV-Vis spectroscopy as a function o f time to provide information about the release
characteristics of the various forms o f the PTD hosts.
As seen in Figure 6.11, the release of Nile Red from DAB-(COC5Py ) 32 with an
oligomeric periphery in the oxidized state is much slower than that from pristine DAB(COC5Py ) 32 (monomeric periphery). The release of Nile Red from the monomeric form
of the PTD is dependant on the diffusion of Nile Red out of the dendrimer core and
through the dialysis membrane. The data for the monomeric PTD can be used as a
control to which the release of Nile Red from o/i>o-DAB-(COC 5Py)32 in the oxidized
and reduced state can be compared. It is proposed that the increased retention of Nile
Red by o/tgo-DAB-(COCsPy ) 32 compared to that of the monomeric PTD is a result of
the crowding at the dendrimer periphery and the large volume cavity in the PTD
interior. These two factors in combination retard the diffusion of the guest from the
dendrimer core to the bulk solution.
The rate of Nile Red release from oligo-DAB-(COCsPy ) 3 2 in the reduced state is
similar to that of DAB-(COCsPy ) 32 having a monomeric periphery (Figure 6.12). This
effect is expected if the proposed mechanisms that hinder diffusion from the oxidized
oligo-DXB-(COCsPy)n are not present for the reduced PTD.

Reduction was

performed by dialyzing the oligo-DAB-(COCsPy ) 32 in 50/50 methanol/water. Methanol
reduces oligo(pyrrole) upon contact; therefore, it can be assumed that the release data is
entirely representative of o//go-DAB-(COCsPy ) 32 in the reduced state.

Monomeric

DAB-(COCsPy ) 32 was also dialyzed in 50/50 methanol/water to provide a control that
accounts for possible solvent affects in the Nile Red release. The data in Figure 6.12
implies that release from the reduced o/igo-DAB-(COCsPy ) 32 could actually be faster
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than that from the monomeric PTD, but further experiments are needed to ascertain if
this is correct. This difference in release properties could result from the oligomers
forming isolated lipophilic pockets of close-packed dendrimer chains rather than a
homogeneous distribution of dendrimer chains having somewhat less hydrophobicity.
Such an inhomogeneous nature of the dendrimer structure could also be the result of the
decreased precision in the release data for the reduced PTD compared to that of the
monomeric structure, Figure 6.12.
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Oligomeric Periphery (Reduced)

60%

40%
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Dialysis Time (hours)
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Figure 6 .1 2 Graph illustrating the loss of Nile Red from DAB-(COC$Py)32
having a monomeric periphery and an oligomerized periphery in the reduced
state as determined by UV-Vis analysis of host/guest composite after various
dialysis times (50/50 methanol/water used as dialysate).
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This study indicates that the oligo-DAB-(COC$Py)n in the oxidized state
exhibits better retention of the hydrophobic neutral guest Nile Red. In addition, the
reduced form of the o/Zgo-DAB-fCOCsPy^ has guest release properties similar to that
of the monomeric DAB-fCOCsPy^. The work here demonstrates that the mechanism
of guest retention is indeed associated with the changes in oxidation state of the
oligo(pyrrole) at the PTD periphery, and possible the expected changed observed in the
molecular modeling studies.
6.6
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Chapter 7
Conclusions and Future Studies

7.1

Summary of Conclusions
This work demonstrates the successful encapsulation and release of guest

molecules using the denritic molecules with oligomeric pyrrole functionalities at the
dendrimer periphery; the ability to switch the release characteristics of the dendrimer is
directed by the oxidation state of the oligomeric pyrroles. Investigation of pyrroleterminated dendrimer (PTD) structure and the ability to connect monomeric pyrrole
units located at the termini of dendrimer branches was performed by fabrication of PTD
monolayers on Au followed by electrochemical oligomerization.

These studies

revealed that fully functionalized DAB dendrimers having only interior 3° amines bind
to Au through 3° these amines located at the branch points within the dendrimer core.
In addition, it was found that the PTD monolayers were found to improve the adhesion
and morphology of electrodeposited poly(pyrrole) films on Au surfaces.
The successful dynamic trapping o f guest molecules within the core of the PTDs
was proven by spectroscopic investigations of pyrene, Rose Bengal, and Nile Red in
aqueous solutions.

Oligomerization of the pyrrole periphery of the PTDs was

performed in solution by chemical oxidation. The oligomerization is necessary for the
encapsulation (incarceration) of dissolved guest molecules. Molecular modeling studies
point to the presence of cavities within the interior of the PTD structure. The size of the
cavities are dependent on the oxidation state o f the oligomeric perimiter o f the PTD; the
cavity size decreases upon reduction o f the oxidized oligo(pyrrole). Finally, it is found
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that PTDs having an oxidized oligomeric periphery retain Nile Red guests in a more
efficient manner than those with a monomeric or reduced oligomer periphery.

7.2

Summary of Observations Supporting Conclusions
PTDs having a simplified structure (DAB-Pyx, X=4,8,16) were synthesized

resulting in dendrimers having 100% of their branches terminated with pyrrole groups;
the structure of these PTDs was confirmed using MALDI-MS, IR, 'H-NMR, and l3CNMR. MALDI-MS was determined to be the best method for analysis of the simple
PTDs because of the significant mass difference between the desired and undesired
products. DAB-Pyx were synthesized using a method that involved conversion of the
1° amines on DAB-Amx to pyrroles with a ring-closure reaction1'3 using 2,5dimethoxytetrahydrofuran.

It was discovered that having a 1° amine to 2,5-

dimethoxytetrahydrofuran ratio of 1:1.02 is critical for successful formation of the
desired product. Strict adherence to this ratio became more necessary as the synthesis
of higher generations was attempted and this method was only applicable to dendrimers
having up to 16 pyrroles due to steric influences on the ring closure reaction.
DAB-Pyx were found to form monolayers on Au (DAB-Pyx/Au) as indicated by
electrochemical and reflection-absorption infrared spectroscopy (RAIRS) analysis.

It

was discovered that the resulting DAB-Pyx/Au are bound to Au by the core 3° amines;
this is the case because all of the 1° amines are converted to pyrrole rings. This binding
mode was further proven through the use of DAB dendrimers that were fully
functionalized with ferrocene (DAB-Fcx, X=4,8,16,32,64) and butoxycarbonyl (DABBOCx, X=4,8,16,32,64) groups. In addition, it was found from electrochemical and
RAIRS analyses that 1-hexylpyrrole and 1,2,3,4,5,6-hexapyirolylbenzene do not adsorb
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on Au surfaces,leading to the conclusion that the pyrrole groups do not act as the
binding functionality. Finally, it was discovered upon SEM analysis, that DAB-Pyi6
monolayers improve the adhesion and morphology o f electrodeposited poly(pyrrole)
films when compared to DAB-BOC 16 monolayers and bare Au substrates.
Upon electrochemical oxidation (0.0 V to +1.6 V, vs. Ag/Ag+) of the DABPyx/Au, the pyrrole component o f the monolayer was intramolecularly oligomerized
only in the case of DAB-Pyi6/Au. Oligomerization of DAB-Pyi6/Au was confirmed by
the presence of a redox wave at +0.94 V in its voltammogram, which is characteristic of
the oxidation and reduction of oligo(pyrrole).4 The presence of various lengths of oligoDAB-Pyt6/Au was demonstrated by RAIRS and electrochemical data.
Oligomerization of DAB-Pyi6 and not DAB-Py4 and DAB-Pyg is likely a result
of the pyrrole groups of the smaller generations not being in close enough proximity to
couple together.

IR spectroscopic investigations of

DAB-BOCx and DAB-Fcx

indicated that the end groups of higher generation dendrimers are closer together than
those of low generation dendrimers. DAB-BOCx and DAB-Fcx both have terminal
functionalities that are attached to the dendrimer by peptide-like amide bonds.

An

increase in the amide hydrogen bonding with increasing generation for the DAB-BOCx
and DAB-Fcx both in solution and adsorbed on Au surfaces was revealed upon IR
analysis, which indicates that there is an increase in peripheral crowding.
Successful synthesis of a DAB dendrimer having 32 or 64 pyrrole groups was
accomplished by attaching pyrrole-modified amino acids to the 1° amines of the
dendrimer. Pyrrole-acids having 3 and 3 carbon alkyl chain spacers were converted to
more reactive succinimide esters to improve attachment to the dendrimer. This reaction
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allowed for the attachment of pyrroles in a manner that is not as difficult as the
previously described ring closure reaction.1'3 The resulting DAB-(COCyPy)* (Y=3,5
and X=32,64) were analyzed using MALDI-MS, IR, 'H-NMR, and 13C-NMR.
Fragmentation made MALDI analysis difficult, however, the 1H-NMR results indicate a
>90% derivatization of dendrimer branches with pyrrole groups.
The DAB-(COCyPy )3 2 were soluble in water upon protonation of their core 3°
amines at pH 7. However, aqueous solutions of DAB-fCOCj-Pyta exhibited a turbid
appearance at concentrations as low as S /iM so they were not used in the encapsulation
studies. Oligomerization of DAB-(COCrPy )3 2 was accomplished in both organic and
aqueous media by chemical oxidation with FeCb and Fe(N 0 3 ) 3 respectively.

IR

analysis indicates that oligo(pyrroles) produced by FeCb oxidation were greater than 4
monomer units in length, whereas oligo(pyrroles) produced by Fe(N 0 3 ) 3 in water were
2-6 monomer units in length.
pyrrole tethers
oligomerizations.

were

The IR spectra of the PTDs having 3 and 5-carbon

similar to each

other for both

aqueous

and organic

This indicates that the oxidizing agent and solvent have more

influence on the oligomerization efficiency than the length of the alkane tether between
the pyrrole groups and the dendrimer.
Fluorescence spectroscopy revealed that pyrene partitions into the core of PTDs
from aqueous solutions. A polarity index which characterizes the environment of the
fluorescent probe can be obtained from a ratio of the 1st and 3rd peak of pyrene’s
fluorescence spectrum.5 Pyrene-saturated water was analyzed before and after the
addition of DAB-(COC 3 )Py3 2 - The polarity index changes from 0.63 for pure water to
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1.1 in the presence o f the PTD, which is characteristic of the pyrene moving to a less
polar environment.
UV-Vis spectroscopy revealed that DAB-(COC 3 )Py 3 2 in pH 7 phosphate buffer
was capable of complexing ~4 anionic Rose Bengal dyes to the protonated 3° amines of
its core structure. Rose Bengal displays a shift in its Amu from S7S to 549 in the visible
spectrum when complexed to the cationic core o f the dendrimer. It was observed that
the DAB-(COC 3 )Py 32 was capable of hosting ~4 Rose Bengal dyes before a blue shift in
the Rose Bengal

occurred, indicating the presence of a small amount of free dye

that was not complexed to the PTD core. This data demonstrates that the maximum
guest loading of Rose Bengal in DAB-(COC 3 >Py32 is about 4 dyes per host.
It was discovered through molecular modeling studies that o/zgo-DAB(COCs)Py32 possesses interior void spaces capable of housing guest molecules. The
size of these cavities is controlled by the oxidation state of the oligo(pyrrole) at the
perimeter of the dendrimer. Changing the oxidation state decreases the cavity volume
from 275 A3 for the oxidized periphery to 70 A3 for the reduced periphery. Rom these
studies it is proposed that the larger cavity will lead to the more effective retention of
guest molecules, while reduction of the oligo(pyrrole) periphery, thus leading to a
decreased cavity size, will induce guest release.
UV-Vis analysis o f Nile Red/ DAB-(COCs)Py 32 after dialysis revealed that Nile
Red was found to be released from oxidized o/igo-DAB-(COC 5 )Py32 more slowly than
from reduced o/igoD A B-(CO C 5 )Py 32 and DAB-(COCs)Py 32 having a monomeric
periphery. Dialysis studies o f Nile Red trapped in o//go-DAB-(COC5)Py 3 2 (oxidized),
o/igo-DAB-(COC 5 )Py 32 (reduced), and DAB-(COCs)Py 32 reveal that the oligomerized
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PTD in the oxidized state exhibited the best guest retention.

The improved guest

retention by o/igo-DAB-(COCs)Py32 (oxidized) is evidently a result o f the planar
structure of the oxidized oligo(pyrroles) causing an increase in peripheral crowding and
interior cavity volume; this change in structure leads to a situation where there exists a
large steric influence on the diffusion o f guests from within the PTD to the surrounding
solution.

73

Future Studies
This work demonstrates how oligo(pyrrole) moieties about the periphery of a

dendrimer can effectively control the encapsulation and release of guests. Because the
mechanism of release so heavily relies on the oligomeric dendrimer periphery and its
oxidation state, further characterization of the oligo(pyrroles) should prove beneficial.
In order to complement the IR data, MALDI-MS and 'H-NMR can possibly be used to
determine the length of the oligo(pyrroles).
As mentioned previously, MALDI-MS analysis of DAB-(COC 3 Py )3 2 and DAB(COC5Py)3 2results in extensive fragmentation at or adjacent to the amide bonds which
link the pyrrole groups to the dendrimer. Improved data collection and analysis
techniques geared toward determining the oligomer length could provide an exact
determination of the number of monomeric units in the oligomers.

MALDI-MS

analysis of conductive oligomers has proven quite effective.6-8 Analysis of DAB(COC3^Py)3 2 after the pyrroles are connected should yield masses characteristic of the
intact oligomers that have been fragmented from the dendrimer molecule.

Such a

concept was attempted in this work resulting in mass spectra that appear to be
characteristic o f an oligomer distribution o f 2-5 monomeric repeat units; however, exact
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assignments for the obtained masses could not be determined so improved techniques
are necessary.
Investigation of oligomer length using lH-NMR could prove also useful. In an
attempt to perform such a study, DAB-(COC 3,sPy>32 was oligomerized under aqueous
conditions and dialyzed to remove the oxidizing agent. Removal of the water under
vacuum from the solution results in a pasty film, which could not be dissolved in
aqueous or organic solvents. One possible method to circumvent this problem would be
to repeat the procedure leaving a portion of the water containing the dissolved oligoDAB-(COC 3 ,jPy)32 . DiO could be then added to the solution and a water suppression
method could be used for 'H-NMR analysis. Assuming the oligomer end groups are
hydrogens, the integration of hydrogen termini and 3,4-hydrogens on the pyrroles could
be used to estimate the length of the oligomers.
The ability to determine the oxidation state o f the oligo(pyrroles) would be very
important. This would provide a means o f directly correlating the oxidation state to the
release of guest molecules.

In addition, the stability of the oxidized oligo(pyrrole)s

under various dialysis conditions could be determined, which could be compared to the
release profiles under the same conditions. Methods for studying the oxidation state of
conductive polymers such UV-Vis,9' 11 cyclic voltammetry,12' 16 Raman17' 19 spectroscopy
have also been used for the estimation of oligo(pyrrole) length.
Although the PTD system here has proven successful for the encapsulation and
release of guests, solubility of larger PTDs (64 pyrroles) limits the ability to build a
system that may exhibit better trapping characteristics. If the PTD system were more
water soluble, then a variety of pH values could be used with the PTD system, the PTD
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having 64 pyrrole termini could be utilized.

Having a system that did not require

protonation would be better suited for the inclusion o f hydrophobic guests. The cationic
core of protonated dendrimers will not be as efficient at dynamic trapping of neutral
hydrophobic guests as would be the same dendrimer with a neutral lipophilic core. This
is exemplified by the fact that the cationic DAB-(COCjPy )3 2 is capable of hosting 4
anionic Rose Bengal dyes with a molecular weight of 1018 amu and only two neutral
Nile Red dyes with a molecular weight of 318 amu. In addition, the complexation of
anionic dyes could be facilitated by protonating the core amines resulting in a much
more versatile system.
An additional benefit of increased solubility would be the ability to utilize the
DAB-(COC 3 ,sPy)6 4 for encapsulation and release studies. DAB-(COC 3 ,sPy) 6 4 is twice
the size of DAB-(COC 3 ,sPy)3 2 , and therefore, has the ability to encapsulate a larger
number of guests.

Being a generation higher than DAB-(COC 3 .sPy)32 , the DAB-

(COC 3 ^Py )6 4 will have a more crowded periphery resulting in a greater physical barrier
retarding the outward diffusion of guests and most likely a more efficient
oligomerization of the pyrrole monomer termini.

Although the affect of oligomer

length on guest retention is not known, longer oligomers will enhance the stability (of
the oxidized state) of the oligo(pyrroles).20
Synthetic strategies are currently underway in our labs in order to increase the
solubility of the PTD system. Substitution of the pyrrole ring with a functionality that
enhances water solubility should enhance the solubility o f the PTDs in aqueous
conditions. The method in progress involves substitution o f pyrrole with an ethylene
oxy chain. It has been shown that 3-(3,6,9-trioxadecanyl)pyrrole monomers are capable
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of polymerization.21 Other types o f dendritic systems having ethyleneoxy funcionalities
have proven to be highly soluble in aqueous conditions.22,23
Finally, the PTD system will eventually be used to encapsulate pharmaceutical
agents of interest. Because the work here is in the early developmental stages, the
guests used are those having well-characterized spectroscopic behavior.5,24'31 Once
optimized, the PTD system will be tested for the encapsulation and release of drugs that
are currently being used for medicinal treatment. One of the most glorified yet suitable
applications of the PTD system would be the targeted delivery of anti-cancer agents.32,33
This application would be amenable to the PTD system because of the adverse side
affects involved with the non-specific activity of the drugs designed to destroy cancer
cells.

Dendritic systems have already been shown to have selective targeting

capabilities by derivatization with monoclonal antibodies.34,35

Such a site-specific

delivery could greatly benefit from the PTD system’s ability to have its guest release
directed by the introduction of an outside stimulus.

7.4
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